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Zachary Michael Gillen, Ph.D. 
University of Nebraska, 2020 
Advisor: Joel T. Cramer 
The purpose of this study was to compare measurements of muscle strength, size, 
and neuromuscular function of the forearm flexors in pre- and post-pubescent males and 
females. Forty pre-pubescent (mean ± 95% confidence interval, age = 9.79 ± 0.35 yrs, n = 
10 males, n = 10 females) and post-pubescent (age = 17.23 ± 0.58 yrs, n = 10 males, n = 
10 females) participants completed this study. Biceps brachii muscle cross-sectional area 
(CSA) and muscle volume (MV) were quantified from ultrasound images. Participants 
completed maximal voluntary isometric contractions (MVICs) of the forearm flexors and 
extensors, and submaximal isometric step muscle actions at 30, 50, and 70% of the peak 
MVIC, as well as one absolute low-level torque step muscle action that equaled 5 Nm. 
Participants also completed isometric ramp muscle actions at a constant rate of torque 
increase (7.5 Nm∙s-1). Percent voluntary activation (VA) was quantified during the MVIC 
and submaximal isometric step muscle actions, while EMG amplitude and MMG 
amplitude were quantified during the isometric ramp muscle actions. MVIC strength was 
expressed in absolute terms and normalized to CSA and MV to examine the influence of 
muscle size on differences in strength between groups. The post-pubertal males were 
130% stronger, had 78% greater CSA, 374% greater MV, and 17% greater maximal VA 
than the pre-pubertal males, while the post-pubertal females were 72% stronger, had 63% 
greater CSA, 270% greater MV, and 23% greater maximal VA than the pre-pubertal 
 
 
 
 
females. Normalizing MVIC strength to CSA and MV accounted for a greater proportion 
of the difference in strength between males than females. The collective responses for 
VA, EMG amplitude, and MMG amplitude across intensity reflected differences in 
muscle activation and motor unit recruitment strategies between pre- and post-pubertal 
males and females. These results suggest that muscle size may account for a greater 
proportion of the growth and development-related differences in strength among males, 
while females may be more affected by changes in muscle activation. However, 
regardless of sex, changes in muscle size and neuromuscular function occur during 
growth and development.
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CHAPTER I: INTRODUCTION 
Muscular strength is an important determinant of physical performance in 
children and adolescents (10, 24, 27, 28, 74, 75). Recent studies have suggested that 
increases in muscle strength improve athletic performance, reduce the risk of dynapenia, 
and promote long-term physical function and health (10, 24, 27, 28, 74, 75). Regardless 
of the muscle group examined, muscle strength clearly increases from childhood to 
adolescence (9, 19, 41, 54, 59, 66, 67, 73, 79, 80, 92, 108, 113). Likewise, muscle size 
also clearly increases from childhood to adolescence  (32, 54, 58, 60, 66, 85, 94, 108, 
113, 114). It has been suggested that the increases in muscle size account for nearly all 
the increases in muscle strength during growth and development (32, 94, 108, 113). 
However, neuromuscular development also occurs, and some studies argue that neural 
adaptations significantly contribute to increases in muscle strength during growth and 
development (14, 18, 19, 34, 41, 42, 73, 79, 80, 89, 91, 99, 100). Understanding the 
natural mechanisms by which muscles get stronger during growth and development will 
provide practitioners with an appropriate framework of developing muscle-strengthening 
programs to promote long-term health. 
Numerous studies have demonstrated that increases in body size (i.e., height, 
weight, FFM) cannot fully account for the growth and development-related increases in 
muscle strength (12, 13, 22, 35, 53, 56, 57, 59, 67, 92, 105, 106, 111, 113). Several other 
studies (32, 94, 108, 113) have suggested that muscle size alone accounts for these 
increases in strength during childhood and adolescence. For example, during a 6-month 
longitudinal study in pre-pubescent children, Pitcher et al. (94) demonstrated that the 
strength:size ratio in the leg extensor and flexor muscles remains constant, suggesting 
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that increases in muscle strength are mostly explained by increases in muscle size. 
Fukunaga et al. (32) also suggested that muscle size is the best predictor of increases in 
strength during growth and development in the leg extensor and plantar flexor muscles. 
Likewise, Tonson et al. (108) postulated that muscle size accounts for nearly all the 
differences in maximal grip strength (finger flexor muscles) between children and 
adolescents. Wood et al. (113) demonstrated that muscle size significantly contributes to 
the prediction of forearm flexion strength, suggesting that muscle strength increases 
proportionately to muscle size. However, none of these studies (32, 94, 108, 113) could 
rule out neuromuscular development as an influencing factor for strength increases 
during healthy growth.  
Many previous studies have demonstrated that muscle size alone is unable to 
account for increases in strength during growth and development (34, 58, 60, 66, 85, 
114). Housh et al. (54, 58, 60) demonstrated that the age-related increases in thigh, 
shoulder, and arm strength could not be accounted for by increases in muscle size alone. 
Similarly, Kanehisa et al. (66) concluded that forearm and leg extensor and flexor 
muscles do not develop strength proportionally to hypertrophy. Neu et al. (85) also 
concluded that the age-related increases in maximal grip strength for young males and 
females could not be fully accounted for by increases in muscle size. Wood et al. (114) 
found that measurements of muscle size only account for 19-57% of the variance in 
muscle strength among the forearm flexor and extensor muscles. Gillen et al. (34) 
demonstrated that normalizing strength to muscle size still resulted in differences in 
strength up to 50% in pre-adolescent versus adolescent males and females. These studies 
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(34, 58, 60, 66, 85, 114) collectively suggest that neuromuscular adaptations may indeed 
explain some of the variability in growth-related increases in skeletal muscle strength. 
Surface electromyography (EMG) has been used to assess neural adaptations 
during growth and development (29, 34, 41, 73, 99, 100). Surface EMG represents the 
linear sum of the muscle fiber action potentials passing within the recording areas of the 
electrodes (30). Seger and Thorstensson (99) demonstrated that absolute EMG amplitude 
of the leg extensors is greater in adults than children during maximal muscle actions. In 
another study by Seger and Thorstensson (100), post-pubescent males and females 
exhibited greater torque:absolute EMG amplitude ratios among the leg extensors than 
pre-pubescent males and females, suggesting that the efficiency of muscular activation is 
greater in post-pubescent adolescents. Similar results have been demonstrated by 
Lambertz et al. (73) and Grosset et al. (41), who suggested that as children grow, they 
develop greater efficiency of muscle activation during maximal and submaximal muscle 
actions of the plantar flexors. Miller et al. (81) recently demonstrated that children 
require a greater relative EMG amplitude than adults during the same relative 
submaximal muscle actions, but adults achieve a greater absolute EMG amplitude during 
maximal muscle actions. Furthermore, Gillen et al. (34) found that adolescent males and 
females have greater efficiency of muscle activation, quantified by the torque:absolute 
EMG amplitude ratio, than pre-adolescent males and females. The authors suggested that 
growth and development may increase the size of high-threshold motor unit action 
potentials (49, 50, 81, 95), which increases EMG amplitude during maximal muscle 
actions, but requires less muscle activation during submaximal muscle actions (34, 41, 
73, 81, 99, 100). Overall, these studies (34, 41, 73, 81, 99, 100) suggest that changes in 
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maximal and submaximal muscle activation capabilities assessed by surface EMG 
amplitude may account for at least some of the growth and development-related increases 
in muscle strength. 
Surface mechanomyography (MMG) records the low-frequency, lateral 
oscillations of the active skeletal muscle fibers (6, 90, 104) and is thought to reflect the 
mechanical counterpart of the motor unit electrical activity that is detected by EMG (7). 
The linear or quadratic increases in bipolar surface EMG amplitude with increasing 
muscle force (or torque) production during non-fatiguing muscle actions represent the 
activations of progressively larger motor units with different motor unit firing rates, but 
there is no way of methodologically distinguishing between the two with traditional 
bipolar surface EMG (20, 46). Whereas, the pattern of MMG amplitude across the force 
(or torque) spectrum displays break points that may distinguish between the influences of 
motor unit recruitment versus motor unit firing rates for increasing force output (7, 15, 
46, 98). However, only one previous study we are aware of examined EMG and MMG 
signals during non-fatiguing muscle actions in children (34). Gillen et al. (34) suggested 
that the EMG and MMG responses across increases in intensity during isometric muscle 
actions indicates that pre-adolescent males and females exhibit more type I motor unit 
characteristics than adolescent males and females. However, further studies examining 
the EMG and MMG amplitude values across the same absolute force spectra in pre- and 
post-pubescent males and females may provide further insight regarding changes in 
muscle activation and motor unit recruitment strategies across growth and development. 
Additionally, few studies have assessed neuromuscular development in children 
and adolescents by quantifying the voluntary activation (VA) of muscles using the 
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interpolated twitch technique (14, 70, 71, 79, 88, 89). VA compares stimulated or evoked 
muscle actions to voluntary muscle actions to assess the ability to maximally activate all 
available motor units  (1, 2, 5, 8, 16, 47, 63, 65, 72, 87, 101). VA has been shown to 
increase by 10-25% from childhood to adulthood (70, 71, 79, 88, 89). Some studies have 
compared the evoked twitch responses in pre- versus post-pubescent children (9, 18, 19, 
42, 80, 91) without quantifying VA, and have suggested that age-related increases in 
evoked twitch torque may account for increases in muscle strength. Although increases in 
evoked twitch torque infer that age-related increases in muscle activation may also exist, 
simple comparisons of evoked twitches may only describe the contractile characteristics 
(i.e., force-producing capabilities) of skeletal muscle (9, 18, 19, 42, 80, 91), rather than 
changes in muscle activation or motor unit recruitment capabilities. Belanger and 
McComas (9) and Grosset et al. (41) found that the ratio of superimposed twitch torque to 
maximum voluntary torque, which is referred to as the central activation ratio, decreases 
from childhood to adolescence. The central activation ratio provides an index of muscle 
activation, such that decreases in this ratio reflect a greater percentage of muscle 
activated during voluntary muscle actions (5, 8, 72, 87, 101). However, many studies (5, 
8, 14, 72, 87, 101) have demonstrated that the interpolated twitch technique, not the 
central activation ratio, provides the most accurate, sensitive measurement of VA. To our 
knowledge, no previous studies have compared VA with twitch interpolation in pre- 
versus post-pubescent males and females, and these data would fill a gap in the literature 
regarding both neural and muscular developmental changes over puberty. 
Sex-specific adaptations in muscle strength, size, and neuromuscular function 
during growth and development have also been reported (22, 35, 85, 88, 89, 92, 99, 100). 
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In a well-controlled study, O’Brien et al. (89) examined the influences of VA and muscle 
size on increases in muscle strength among male and female children and adults. Muscle 
size accounted for 75% of the strength differences among males, but only 50% of the 
strength differences among females (89). Furthermore, there was an 11% difference in 
VA among the males and a 19% difference in VA among the females (89). Therefore, it 
is possible that females may have a greater aptitude for neuromuscular adaptations during 
growth and development compared to males, who are influenced to a greater degree by 
muscular hypertrophy. However, O’Brien et al. (89) only compared children to adults. 
Less is known about the potential neuromuscular development occurring over a narrower 
window of puberty. Therefore, the purpose of this study was to compare measurements of 
muscle strength, size, and neuromuscular function of the forearm flexors in pre- and post-
pubescent males and females. 
Hypotheses 
We hypothesized that the post-pubescent males and females would be stronger, 
have greater muscle size, and greater neuromuscular function than the pre-pubescent 
males and females, but the differences in strength would not be fully accounted for by 
muscle size alone (34, 58, 60, 66, 85, 114). We also hypothesized that the differences in 
neuromuscular function would be more pronounced among females, while the differences 
in muscle size would be more pronounced among males (22, 35, 85, 88, 89, 92, 99, 100).  
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CHAPTER II: REVIEW OF LITERATURE 
2.1. Muscle Strength and Body Size during Growth and Development 
2.1.1. Gilliam, Villanacci, Freedson, and Sady (1979) 
The purpose of this study (35) was to investigate strength differences between 7-
13-year old males and females. Twenty-eight males and 28 females, age 7-13-years old, 
participated in this study. Measurements of height and weight were taken, and all subjects 
completed maximal isokinetic strength testing of the leg and forearm extensor and flexor 
muscles at 30 and 120°·s-1. Age, height, and weight were used as covariates to examine 
the strength differences between males and females. There were no differences in age, 
height, or weight between males and females. When adjusting for height, males had 
greater forearm flexion strength. When adjusting for weight, the males were stronger for 
all measurements. Furthermore, based on scatterplots it appears that the difference in 
strength for males and females increases with age, height, and weight, suggesting that 
growth and development significantly influences the sex-related differences in strength. 
Therefore, the results of this study indicate that sex-related differences in strength are 
caused by the natural pattern of growth and development, which may not be fully 
accounted for by anthropometric measurements. 
2.1.2. Thorland, Johnson, Cisar, Housh, and Tharp (1987) 
The purpose of this study (105) was to assess the strength and anaerobic 
responses of elite young female runners to determine the relationships of performance to 
age. Thirty-one young female track athletes participated in this study and were separated 
into one of two age categories: young (9.58-11.67-years old) or old (11.75 to 17.67-years 
old). Subjects were also categorized based on track event as: sprinter (n = 6 young, mean 
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age = 11.14-years; n = 6 older, mean age = 14.50-years) or distance runner (n = 10 
young, mean age = 10.90-years; n = 9 older, mean age = 13.99-years). Measurements of 
height and weight were taken, and body composition was assessed via underwater 
weighing to quantify fat-free weight (FFW). Maximum isokinetic strength was assessed 
in random order at 60, 120, 180, 240, and 300°·s-1. Anaerobic power and capacity were 
assessed using the Wingate Anaerobic Test. The old group was taller, heavier, and had 
greater FFW than the young group. Performance measures were significantly correlated 
to anthropometric measurements, with the highest correlations between performance and 
FFW. When partialing out the influence of FFW, the relationships between performance 
and the remaining anthropometric variables were reduced but remained significant. The 
old group had higher anaerobic power, lower anaerobic capacity, and greater strength at 
all isokinetic velocities. When using FFW as a covariate, the old group was still stronger 
and more powerful. Thus, the greater strength of the old females cannot be fully 
attributed to greater FFW, which suggests that neuromuscular factors may further account 
for the age-related increases in strength. 
2.1.3. Housh, Johnson, Hughes, Housh, Hughes, Fry, Kenney, and Cisar (1989) 
The purpose of this study (53) was to determine the changes in body composition 
as well as absolute and relative isokinetic forearm and leg flexion and extension strength 
of high school wrestlers across age. One hundred ninety-five high school wrestlers (mean 
age = 16.36-years) participated in this study and were separated according to age as: 
group 1 (G1) = 14.17-15.00-years (n = 20); group 2 (G2) = 15.01-16.00-years (n = 60); 
group 3 (G3) = 16.01-17.00-years (n = 52); group 4 (G4) = 17.01-18.50-years (n = 63).  
Measurements of height (HT) and body weight (BW) were acquired, and body 
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composition was assessed via underwater weighing to quantify fat-free weight (FFW). 
All subjects performed maximal isokinetic contractions of the forearm and leg extensors 
and flexors at 30, 180, and 300°·s-1. Strength was compared in absolute terms and 
covaried for BW and FFW. The results of this study indicated that HT, BW, and FFW 
increased significantly across age. Furthermore, for absolute leg strength (extension and 
flexion), G4 was always stronger than G1 and G2. In general, when leg extension 
strength was covaried for BW or FFW, there were age-related increases at 30°·s-1. 
Absolute forearm strength increased across age at all speeds. Forearm flexion strength 
covaried for BW increased across age at all speeds, but only increased at 30 and 180°·s-1 
when covaried for FFW. Forearm extension strength covaried for BW increased across 
age at 30°·s-1. When covaried for FFW, there were no differences in forearm extension 
strength. Zero-order correlations showed that muscular strength was significantly related 
to age, BW, and FFW. First-order partial correlations (controlling for BW or FFW) 
reduced the magnitudes of these relationships; however, they remained significant. When 
age was adjusted for FFW, only forearm flexion and leg extension strength remained 
significantly related. Thus, there was an “age effect” which could not be accounted for by 
changes in FFW. Therefore, it is likely this “age effect” was due to neural development, 
which contributed to strength increases across age. 
2.1.4. Housh, Hughes, Johnson, Housh, Wagner, Weir, and Evans (1990) 
The purpose of this study (57) was to examine age-related differences in absolute 
and relative isokinetic shoulder strength of high school wrestlers. One hundred twenty-
two high school wrestlers (mean age = 16.31-years) participated in this study and were 
separated according to age as: group 1 (G1) = 13.75-15.00-years (n = 22), group 2 (G2) = 
10 
 
 
 
15.08-16.00-years (n = 27), group 3 (G3) = 16.08-17.00-years (n = 34), and group 4 (G4) 
= 17.08-18.83-years (n = 39). Measurements of height (HT) and body weight (BW) were 
obtained, while body composition was assessed via underwater weighing to quantify fat-
free weight (FFW). All subjects performed maximal isokinetic flexion and extension of 
the shoulder at 30, 180, and 300°·s-1. Strength was compared in absolute terms and 
covaried for BW and FFW. For extension and flexion, there were significant increases 
across age in absolute strength and strength covaried for BW and FFW, such that G4 and 
G3 were always stronger than G1. Zero-order correlations showed that strength was 
significantly related to age, BW, and FFW. When covaried for BW and FFW, strength 
was still significantly related to age. Thus, these results suggest that factors other than 
BW and FFW (i.e., neuromuscular function) likely contribute to increases in shoulder 
flexion and extension strength across age. 
2.1.5. Parker, Round, Sacco, and Jones (1990) 
The purpose of this study (92) was to examine the relationship between increases 
in muscle strength and body size, as well as to determine the sex-specific changes in 
muscle strength and body size. Two hundred sixty-seven males and 284 females, aged 5-
17-years, participated in this study. All participants were divided into their respective 
yearly age group. For males, the groups were: 5-years (n = 13), 6-years (n = 10), 7-years 
(n = 8), 8-years (n = 6), 9-years (n =22), 10-years (n = 16), 11-years (n = 25), 12-years (n 
= 27), 13-years (n = 27), 14-years (n = 27), 15-years (n = 26), 16-years (n = 22), and 17-
years (n = 24). For females, the groups were: 5-years (n = 9), 6-years (n = 19), 7-years (n 
= 17), 8-years (n = 28), 9-years (n =19), 10-years (n = 14), 11-years (n = 28), 12-years (n 
= 31), 13-years (n = 22), 14-years (n = 20), 15-years (n = 22), 16-years (n = 33), and 17-
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years (n = 21). Measurements of height and weight were taken, and all participants 
completed assessments of maximum isometric strength of the forearm flexors and leg 
extensors. Body height and weight followed similar patterns in males and females, 
increasing to 16-years before levelling off. However, males tended to be larger than 
females starting around 14-years. Males and females followed similar increases in 
forearm flexor and leg extensor strength until 12-years, at which point there was an 
exponential increase in strength for the males, while females followed the same linear 
pattern. These results demonstrate that males and females have similar anthropometric 
and strength-related patterns of increase until approximately the age of puberty, at which 
point strength increases exponentially more in males than females, who continue to 
follow a linear increase in strength. The authors hypothesized that for males, increases in 
muscle size likely influence the increases in strength, however, maturation of the 
neuromuscular system is likely to credit for the continued increases in strength among 
young females. 
2.1.6. Thorland, Johnson, Cisar, Housh, and Tharp (1990) 
The purpose of this study (106) was to assess strength and power of young male 
runners, and determine the influences of age on performance. Forty-eight young male 
track athletes participated in this study and were separated into one of two age categories: 
young (10.00-13.17-years old) or old (13.75 to 16.92-years old). Subjects were also 
categorized based on track event as: sprinter (n = 12 young, mean age = 11.92-years; n = 
12 older, mean age = 15.00-years) or distance runner (n = 12 young, mean age = 12.01-
years; n = 12 older, mean age = 14.83-years). Measurements of height and weight were 
taken, while body composition was assessed via underwater weighing to quantify fat-free 
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weight (FFW). Maximum isokinetic strength was assessed at 60, 120, 180, 240, and 
300°·s-1. Anaerobic power and capacity were assessed using the Wingate Anaerobic Test. 
The old group was taller, heavier, had greater FFW, greater power, lower anaerobic 
capacity, and was stronger at all velocities. When weight was used as a covariate, the old 
group was still stronger at all velocities. Thus, it appears that the greater strength of the 
old males cannot be fully attributed to greater body weight. Therefore, factors other than 
increases in body size (i.e., neuromuscular function) likely have a significant influence on 
the age-related increase in strength. 
2.1.7. Housh, Johnson, Housh, Stout, Weir, Weir, and Eckerson (1996) 
The purpose of this study (59) was to examine the age-related changes in 
isokinetic leg extension and flexion strength in young wrestlers. One hundred eight males 
(mean age = 11.3-years) participated in this study and were separated into age groups: 
AG1 = 8.1-8.9-years (n = 10), AG2 = 9.0-9.9-years (n = 11), AG3 = 10.0-10.9-years (n = 
25), AG4 = 11.0-11.9-years (n = 22), AG5 = 12.0-12.9-years (n = 28), and AG6 = 13.0-
13.9-years (n = 12). Height and weight were measured, and body composition was 
assessed via underwater weighing to quantify fat-free weight (FFW). Isokinetic leg 
extension and flexion strength was measured at 30, 180, and 300°·s-1 and was expressed 
in absolute terms and relative to weight and FFW. The results of this study indicated that 
age, height, weight, and FFW were significantly different across age. Furthermore, there 
were significant increases in absolute strength, except between AG5 and AG6. In general, 
when strength was expressed relative to either weight or FFW, there were significant age-
related increases for leg extension and flexion. Additionally, strength was significantly 
related to age, height, weight, and FFW. In summary, the results of this study indicate 
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that expressing strength per unit of weight or FFW does not eliminate the age-related 
increases in strength, suggesting that factors such as neural maturation significantly 
influence the growth and development-related increases in strength. 
2.1.8. Housh, Johnson, Housh, Weir, Weir, Eckerson, and Stout (1996) 
The purpose of this study (56) was to examine the covariate influence of fat-free 
weight (FFW) on the age-related increases in isokinetic leg flexion and extension strength 
among high school female gymnasts. Measurements of height and weight were taken, and 
body composition was assessed via underwater weighing to quantify fat-free weight 
(FFW). Isokinetic leg flexion and extension strength were measured at 30, 180, and 
300°·s-1. Leg flexion and extension strength was significantly related to age and FFW at 
all velocities. After partialing out the influence of FFW, the relationships between leg 
flexion strength and age at all velocities was eliminated. However, after partialing out the 
influence of FFW, the relationships between leg extension strength and age at all 
velocities remained significant. The findings of this study show that FFW cannot account 
for the age-related increases in isokinetic leg extension strength, suggesting that neural 
factors significantly influence the age-related increases in strength. 
2.1.9. Katzmarzyk, Malina, and Beunen (1997) 
The purpose of this study (67) was to examine the variability in strength 
accounted for by age, body size, and skeletal maturity in 7-12-year old children. Seven 
hundred forty males and females, aged 7-12-years, participated in this study. All subjects 
were separated into age groups as: 7-8-years (n = 130 males, n = 114 females), 9-10-
years (n = 118 males, n = 134 females), and 11-12-years (n = 129 males, n = 115 
females). Skeletal maturity was assessed via radiographic images and measurements of 
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height and weight were taken. Isometric handgrip strength was assessed for each hand, 
and isometric pushing and pulling strength of the shoulders was assessed. Among all 
groups of males and females, body weight was the strongest predictor of strength, 
followed by age and height. However, these regression models were only able to predict 
12-46% of the variance in hand grip strength and 14-37% of the variance in shoulder 
strength. Therefore, although age and body size were significant contributors to 
predicting strength among children, 54-88% of the variance in strength could not be 
accounted for by these variables. Thus, it is likely that other factors, such as muscle size 
and neuromuscular function, may account for most of the variance in strength. 
2.1.10. De Ste Croix, Armstrong, and Welsman (1999) 
The purpose of this study (22) was to examine age- and sex-related changes in 
isokinetic leg strength in three different age groups, while controlling for the changes in 
body size. One hundred forty-one (n = 70 males, n = 71 females) participants completed 
this study. They were separated into 3 groups: Group 1 (n = 23 males, mean age = 9.0-
years; n = 23 females, mean age = 8.7-years), Group 2 (n = 23 males, mean age = 13.6-
years; n = 24 females, mean age = 13.7-years), and Group 3 (n = 24 males, mean age = 
20.2-years; n = 24 females, mean age = 21.6-years). Measurements of height and weight 
were taken, while isokinetic leg extension and flexion strength was assessed at 30°·s-1. 
Males were older than females in Group 1, younger than females in Group 3, and heavier 
than females in Group 3. In Groups 1 and 2, there were no differences in absolute 
strength or strength relative to weight. In Group 3, males had significantly higher 
absolute and relative leg extension and flexion strength. For males, absolute and relative 
strength increased from Group 1 to Group 2 and Group 2 to Group 3. For females, 
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absolute strength increased across groups, while relative strength increased from Group 1 
to Group 2 and did not change from Group 2 to Group 3. Calculations of the magnitudes 
of changes in absolute and relative strength demonstrated that males and females have 
dissimilar rates of change. The results of this study indicate that absolute and relative 
strength increase at different rates for males and females, furthermore, sex-related 
differences in strength do not appear until 14-years of age. The dissociation between the 
rate of increases in weight and strength for both males and females indicates that other 
factors, such as muscle size or neural maturation, lead to further increases in muscular 
strength. 
2.1.11. Weir, Housh, Johnson, Housh, and Ebersole (1999) 
The purpose of this study (111) was to use multivariate allometric scaling to 
examine the influence of fat-free mass (FFM) on leg strength in young (8-13-years) and 
high school (14-18-years) wrestlers. Body composition was assessed via underwater 
weighing to quantify FFM. Isokinetic leg extension and flexion strength was assessed at 
30, 180, and 300°·s-1. Log transformations of FFM (log FFM) and age (log AGE) were 
entered into multiple regression analyses to predict the independent variable of log 
transformed torque (log TRQ). The interaction of the log FFM and log AGE terms led to 
separate multiple regression analyses for each group. For the young group, both log FFM 
and log AGE contributed to the regression analyses of log TRQ for all contractions. 
These significant log AGE effects indicate that isokinetic peak torque increases across 
age, independent of the increases in FFM.  In the older group, the same results were 
found for the leg extension data, however, for leg flexion only the log FFM effects were 
statistically significant. Thus, increases in leg flexion strength in the high school group is 
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associated with changes in FFM, independent of age. The results of this study suggest 
that an age effect leads to significant changes in isokinetic strength during growth and 
development. Specifically, these effects may be due to maturation of the neuromuscular 
system, leading to neural-related increases in leg strength. 
2.1.12. Camic, Housh, Weir, Zuniga, Hendrix, Mielke, Johnson, Housh, and Schmidt 
(2010) 
The purpose of this study (12) was to determine the influences of height, weight, 
and fat-free weight (FFW) on isokinetic strength of the leg extensor and flexor muscles. 
One hundred twenty-five male wrestlers (mean age = 14.3-years) participated in this 
study. Measurements of height and weight were taken, while body composition was 
assessed via underwater weighing to quantify FFW. Isokinetic leg extension and flexion 
strength was assessed at 180°·s-1. Results were presented as strength in absolute terms 
and covaried for height, weight, FFW, and height and weight combined. Leg extension 
and flexion strength significantly increased with age when expressed in absolute terms 
and covaried for all variables. Thus, the age-related increases in leg extension and flexion 
strength cannot be accounted for by measurements of body size. These findings suggest 
that changes in neuromuscular function may contribute to the age-related increases in 
muscular strength. 
2.1.13. Carvalho, Coelho-e-Silva, Valente-dos-Santos, Goncalves, Philippaerts, and 
Malina (2012) 
The purpose of this study (13) was to examine concentric and eccentric leg 
extensor and flexor strength across peak height velocity (PHV) in adolescent males and 
to determine the influences of body mass and thigh volume on leg extensor strength. 
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Fifty-five male adolescents (mean age = 15.13-years) participated in this study. 
Measurements of height, weight, and seated height were assessed and used to estimate 
maturity offset and calculate PHV. Thigh volume was estimated from anthropometric 
measurements. Isokinetic concentric and eccentric leg extensor strength was assessed at 
60°·s-1. Allometric models were used to examine the influences of body mass, thigh 
volume, and maturity offset on predicting leg extensor and flexor strength. Concentric 
and eccentric leg extensor and flexor strength significantly increased with maturity offset. 
Results of the allometric model indicate that strength is mostly mediated by the 
corresponding changes in overall body mass. However, regardless of the model, at least 
44% of the variance in strength was left unaccounted for. Thus, although body mass 
influences the growth and development-related increases in strength, other factors may 
mediate these increases in strength. 
2.2. Muscle Strength and Muscle Size during Growth and Development 
2.2.1. Housh, Stout, Housh, and Johnson (1995) 
The purpose of this study (58) was to examine the covariate influence of 
estimated muscle mass on the age-related increases in leg and forearm flexion and 
extension strength among high school wrestlers. One hundred thirteen high school 
wrestlers (mean age = 16.5-years) participated in this study. Height and weight were 
measured, and body composition was assessed via underwater weighing to quantify fat-
free weight (FFW). Total skeletal muscle mass (MM) was estimated from anthropometric 
measurements. Isokinetic leg and forearm flexion and extension strength were assessed at 
30, 180, and 300°·s-1. Forearm and leg strength were significantly correlated to age, 
weight, FFW, and MM. In general, forearm flexion and extension strength, as well as leg 
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extension strength, remained significantly correlated to age when weight, FFW, or MM 
were partialed out. However, partialing out the influence of weight, FFW, or MM 
eliminated the relationship between leg flexion strength and age. Therefore, 
measurements of body size (weight and FFW) and estimated MM could not fully account 
for the age-related increases in strength. Therefore, it is possible that neural factors lead 
to the age-related increases in strength independent of the increases in MM. 
2.2.2. Housh, Stout, Weir, Weir, Housh, Johnson, and Evans (1995) 
The purpose of this study (54) was to examine the relationships between age, 
estimated muscle mass (MM), and arm strength in high school wrestlers. One hundred 
eight high school wrestlers (mean age = 16.3-years) participated in this study. 
Measurements of height and weight were taken, while body composition was assessed 
via underwater weighing to quantify fat-free weight (FFW). Total skeletal muscle mass 
(MM) was estimated from anthropometric measurements. Isokinetic arm flexion, 
extension, adduction, and abduction strength was assessed at 30, 180, and 300°·s-1. Arm 
strength was significantly correlated to age, weight, FFW, and MM. After partialing out 
the influences of weight, FFM, or MM, forearm flexion and extension strength was no 
longer related to age. In general, arm adduction and abduction remained significantly 
related to age after partialing out the influences of weight, FFW, or MM. Thus, 
measurements of skeletal muscle size may be necessary to fully understand the 
mechanisms responsible for increases in forearm flexion and extension strength during 
growth and development. Furthermore, neural maturation could not be ruled out as an 
influencing factor over the age-related increases in arm strength. 
2.2.3. Kanehisa, Ikegawa, Tsunoda, and Fukunaga (1995) 
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The purpose of this study (66) was to investigate the increases in muscle cross-
sectional area (CSA) and strength of reciprocal muscle groups in the arm and thigh. One 
hundred thirty males aged 7-18-years participated in this study and were grouped 
according to chronological age as: 7-9-years (n = 30), 10-12-years (n = 30), 13-15-years 
(n = 35), and 16-18-years (n = 35). Measurements of height and weight were acquired, 
while forearm and leg flexor and extensor CSA were quantified via ultrasound imaging. 
All participants completed maximal strength testing of forearm and leg flexion and 
extension at 60°·s-1. All data were compared in absolute terms and were allometrically 
scaled to examine the influence of body size on muscle strength and CSA. Furthermore, 
strength was divided by CSA to examine the influences of muscle size on strength. 
Regardless of the muscle group, strength and CSA significantly increased across age.  
The allometric exponents of strength were higher than CSA for all muscle groups except 
the forearm extensors, indicating that the growth rate of strength is greater than the 
growth rate of CSA. Scaling strength per unit of CSA still resulted in significant 
increases in strength across age for all muscle groups except the forearm extensors. 
Therefore, strength and CSA do not increase at the same rate during growth and 
development in young males. The authors suggested that changes in neuromuscular 
function may significantly influence the growth and development-related increases in 
strength. 
2.2.4. Housh, Johnson, Housh, Stout, Smith, and Ebersole (1997) 
The purpose of this study (60) was to examine the covariate influences of 
estimated hamstrings and quadriceps cross-sectional area (CSA) on the age-related 
increases in isokinetic leg flexion and extension strength. One hundred fifty high school 
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wrestlers (mean age = 16.6-years) participated in this study. Measurements of height and 
weight were taken, and body composition was assessed via underwater weighing to 
quantify fat-free mass (FFM). Quadriceps and hamstrings CSA was estimated from 
skinfold and circumference assessments. Isokinetic leg flexion and extension strength 
was measured at 30, 180, and 300°·s-1. Isokinetic strength of the leg flexors and extensors 
was significantly related to age, weight, FFM, and their respective muscle group CSA. 
After partialing out the influence of weight, FFM, or hamstrings CSA, the relationships 
between leg flexor strength and age were eliminated for all velocities. However, 
partialing out the influence of weight, FFM, or quadriceps CSA did not eliminate the 
relationship between leg extensor strength and age for any velocities. The results of this 
study demonstrate that the age-related increases in leg extension strength cannot be 
accounted for by weight, FFM, or quadriceps CSA. Therefore, neural mechanisms may 
have a significant influence on the age-related increases in strength. 
2.2.5. Neu, Rauch, Rittweger, Manz, and Schoenau (2002) 
The purpose of this study (85) was to analyze the relationship between cross-
sectional area (CSA) of the finger flexor muscles and maximal handgrip strength with 
age and pubertal stage. Three hundred sixty-six children and adolescents and 107 adults 
participated in this study. Subjects were separated by age into: 6-7-years (n = 28 females, 
n = 27 males), 8-9-years (n = 26 females, n = 22 males), 10-11-years (n = 30 females, n = 
31 males), 12-13-years (n = 31 females, n = 27 males), 14-15-years (n = 25 females, n = 
29 males), 16-17-years (n = 23 females, n = 22 males), 18-23-years (n = 22 females, n = 
23 males), and adults (n = 88 females, n = 19 males). Measurements of height, weight, 
and forearm length were taken. Pubertal status was assessed via the Tanner stages. This 
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led to separate analyses of the subjects separated by pubertal status as: Pubertal Stage 1 
(n = 64 females, n = 70 males), Pubertal Stage 2 (n = 13 females, n = 14 males), Pubertal 
Stage 3 (n = 14 females, n = 10 males), Pubertal Stage 4 (n = 9 females, n = 14 males), 
and Pubertal Stage 5 (n = 58 females, n = 45 males). Forearm muscle CSA was 
quantified via peripheral quantitative computed tomography (pQCT). All subjects 
completed maximal isometric handgrip assessments. The results of this study showed that 
males were taller than females after the age of 13-years and after pubertal stage 2. 
Forearm length was greater in males at all pubertal stages and after the age of 13-years. 
Muscle CSA and handgrip strength was higher in the youngest males compared to the 
youngest females (6-7, 8-9-years). There were no sex-related differences from 10-13-
years old, however, from 14-years to adulthood males had greater CSA and strength. In 
general, males had greater CSA and strength when separated by pubertal status. When 
strength was expressed per unit of CSA, there were no sex-related differences in the 
pattern of response across age, however, there were still age-related increases in strength. 
The authors hypothesized that increases in strength in males is influenced by the 
hormonal changes that accompany puberty. However, the lack of sex-related differences 
in strength expressed per unit of muscle CSA suggests that factors other than sex 
hormones influence the increases in strength for males and females across growth and 
development. 
2.2.6. Wood, Dixon, Grant, and Armstrong (2004) 
The purpose of this study (113) was to examine sex- and age-related differences 
in forearm flexion and extension strength using multilevel modelling. Thirty-seven 
children (n = 18 males, n = 19 females) participated in this three-year longitudinal study. 
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The mean age at the start of this study was 13.0-years. Once per year, for three years, the 
participants were assessed for maximal isokinetic and isometric forearm flexion and 
extension strength. During each visit, measurements of height, weight, and arm length 
were taken, while magnetic resonance imaging (MRI) quantified muscle cross-sectional 
area (CSA) of the forearm flexors and extensors. Coefficients of variation for isometric 
forearm flexion = 6.6%, isokinetic forearm flexion = 14.5%, isometric forearm extension 
= 13.1%, and isokinetic forearm extension = 15.2%. These results demonstrate that 
isometric and isokinetic assessments of the forearm flexor and extensor muscles can 
provide reliable strength measurements. Inclusion of height and arm length in the 
prediction model was not able to account for the sex differences in strength. Inclusion of 
muscle CSA in the prediction model resulted in nonsignificant sex differences in 
strength. All measurements of strength were best explained when muscle CSA was 
included in the model. In contrast, age was not able to consistently aid in the prediction of 
strength. This study demonstrated how actual measurements of muscle size, such as CSA, 
contribute more to the prediction of strength than simple measurements of body size, 
such as height and weight.  The authors suggested that when examining the mechanisms 
behind the growth and development-related increases in strength, it is necessary to 
include quantification of actual muscle size, which can be done through MRI or 
ultrasound techniques. 
2.2.7. Wood, Dixon, Grant, and Armstrong (2006) 
The purpose of this study (114) was to examine the influences of muscle cross-
sectional area (CSA) and upper-extremity leverage on forearm flexion strength in pre-
pubertal males and females. Thirty-eight children (n = 18 males, mean age = 9.7-years; n 
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= 20 females, mean age = 9.5-years) participated in this study. Height, weight, arm 
length, and forearm length were all measured. Participants were assessed for pubertal 
status by using the Tanner stages. Forearm muscle CSA and moment arms were 
quantified via magnetic resonance imaging (MRI). Furthermore, all participants 
completed maximal isometric contractions of the forearm flexors and extensors with an 
elbow angle of 10, 50, and 90°. For both males and females, strength increased from 10 
to 50° and from 50 to 90°. There were no sex-specific differences in height, weight, arm 
length, forearm length, moment arms at any angle, or muscle CSA. Upper-extremity 
leverage and muscle CSA could only account for 19-57% of the variance in forearm 
flexion strength, leaving 43-81% of the variance in strength unexplained for both males 
and females. These data suggest that measurements of arm and forearm size are unable to 
account for most of the variance in forearm flexion strength, indicating that additional 
factors, such as neuromuscular function, may significantly contribute to the force-
producing capabilities of the forearm flexors in prepubertal males and females. 
2.2.8. Tonson, Ratel, Fur, Cozzone, and Bendahan (2008) 
The purpose of this study (108) was to determine if the relationship between 
muscle size and strength changes during growth and development. Forty-two healthy 
males participated in this study and were separated into pre-pubertal (n = 14, mean age = 
11.3-years), adolescent (n = 16, mean age = 13.3-years), and adult (n = 16, mean age = 
35.4-years) groups based on Tanner stage. Magnetic resonance imaging (MRI) of the 
finger flexor muscles was performed to quantify muscle volume and muscle cross-
sectional area (CSA). All participants completed maximal isometric handgrip strength 
assessments. To examine the influences of muscle size on strength across age, strength 
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was presented in absolute terms and relative to muscle size. Absolute strength, muscle 
volume, and CSA increased systematically from children to adults. When strength was 
expressed relative to CSA, children and adolescents were not different, however, adults 
were significantly stronger. When strength was expressed relative to muscle volume there 
were no differences across groups. The authors suggest that quantification of muscle 
volume is necessary to understand the relationship between increases in muscle strength 
and size. However, the authors suggested that, although muscle volume eliminated the 
growth and development-related increases in strength, increases in neuromuscular 
function cannot be ruled out as an influential factor. 
2.2.9. Pitcher, Elliott, Williams, Licaro, Kuenzel, Shipman, Valentine, and Reid (2012) 
The purpose of this study (94) was to examine the muscle strength-size 
relationship of the leg extensor and flexor muscles across a 6-month period in childhood.  
Nineteen children (n = 8 males, mean age = 8.0-years; n = 11 females, mean age = 7.2-
years) participated in this study. All participants were in Tanner stage 1 at the beginning 
of the study and were classified as pre-pubertal. Measurements of height and weight were 
taken. Magnetic resonance imaging (MRI) quantified muscle volume and cross-sectional 
area (CSA). All participants completed maximum isokinetic leg extension and flexion 
contractions at 60°·s-1, as well as maximum isometric leg extension and flexion 
contractions. Strength was expressed in absolute terms and relative to muscle volume. 
Muscle volume and CSA were significantly related to isometric and isokinetic strength. 
There were no sex-specific differences for any measures of muscle size or strength. 
Height, weight, muscle volume, CSA, and absolute isometric and isokinetic strength 
increased following 6 months of growth. When isometric strength was expressed relative 
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to muscle volume, there were no differences following 6 months of growth. The authors 
did not express isometric strength relative to CSA or isokinetic strength relative to 
muscle volume or CSA. The results of this study indicate that during pre-pubescence, 
increases in strength may be largely influenced by increases in muscle volume, however, 
based on this study it cannot be determined if this is true from pre- to post-pubertal 
children. Furthermore, although no quantification of neuromuscular function was 
performed, the authors concluded that increases in voluntary activation during growth 
and development likely contribute to increases in strength. 
2.2.10. Fukunaga, Takai, Yoshimoto, Fujita, Yamamoto, and Kanehisa (2014) 
The purpose of this study (32) was to examine the effect of maturation on the 
ratio of strength to muscle volume of the leg extensor and plantar flexor muscles.  One 
hundred seventeen males participated in this study and were separated into either a pre-
pubescent (n = 47, mean age = 13.3-years) or pubescent (n = 70, mean age = 14.0-years) 
group based on Tanner stage. Measurements of height, weight, and limb length of the 
thigh and leg were taken, and lean body mass (LBM) was estimated from skinfold 
assessments. Muscle volume of the leg extensor and plantar flexor muscles was estimated 
from ultrasound measurements of muscle thickness and limb length. Maximum isometric 
strength was assessed for leg extension and plantar flexion. Strength was expressed in 
absolute terms and relative to muscle volume. Age, height, weight, LBM, limb length, 
muscle thickness, muscle volume, isometric strength, and leg extensor torque relative to 
muscle volume were greater in the pubescent group. Plantar flexion torque relative to 
muscle volume was not different between groups. Therefore, the results of this study 
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indicate that muscle volume may not be able to account for the growth and development-
related increases in strength of the leg extensor muscles. 
2.3. Muscle Strength and Neuromuscular Function during Growth and 
Development 
2.3.1. McComas, Sica, and Petito (1973) 
The purpose of this study (80) was to measure isometric evoked twitch tension 
among males age 3-25-years. Thirty-two males participated in this study and were 
separated as: 3-14-years (n = 13) and 15-25-years (n = 24). Evoked twitch tension was 
found from stimuli applied to the extensor hallucis brevis. From scatterplots and 
comparisons between groups, it was found that evoked twitch tension significantly 
increased with age. Specifically, there was a linear increase in evoked twitch tension to 
the age of 10-years, a slight increase in the slope of increase from 11-15-years, and then 
an exponential increase until approximately age 20. Thus, the results of this study 
demonstrate significant age-related increases in evoked twitch tension, suggesting that 
maturation of the neuromuscular system may lead to increases in muscle activation 
capabilities. 
2.3.2. Davies, White, and Young (1983) 
The purpose of this study (18) was to measure and compare the electrically 
evoked mechanical and contractile properties of the triceps surae in young males, young 
females, and adults. Twenty-six young males, 26 young females, and 12 adult males 
participated in this study. The young males were separated into two groups as: n = 14, 
mean age = 11.76-years; n = 12, mean age = 14.81-years. The young females were 
separated into two groups as: n = 12, mean age = 11.83-years; n = 14, mean age = 14.62-
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years. The mean age for adults was 21.50-years. Evoked stimuli were applied to the 
muscles of the triceps surae to quantify peak twitch force. Following the evoked stimuli, 
all subjects completed maximal voluntary isometric contractions of the plantar flexors. 
Following the isometric contraction, the triceps surae was electrically evoked 
intermittently for a period of 2-minutes at a frequency of 1 Hz to calculate a fatigue index 
(FI). On a separate day, anthropometric measurements of the leg were taken to estimate 
cross-sectional area (CSA) of the gastrocnemius. Within each age group of males and 
females, there were no sex-related differences. Adults were significantly stronger than 
young males and females. The 14-year old males and females had significantly higher 
peak twitch force than their younger counterparts, while both groups of young males and 
females had significantly lower peak twitch force than adults. There were no differences 
in FI among any of the groups. When voluntary and peak twitch force were expressed 
relative to CSA, there were no sex- or group-related differences. Therefore, the results of 
this study suggest that the increases in muscle strength from childhood to adolescence to 
adulthood may be a function of increases in muscle size. 
2.3.3. Davies (1985) 
The purpose of this study (19) was to measure and compare the electrically 
evoked mechanical and contractile properties of the triceps surae in young males, young 
females, and adults. The young males were separated into groups as: n = 10, mean age = 
9.60-years; n = 14, mean age = 11.76-years, n = 12, mean age = 14.81-years; n = 12, 
mean age = 21.50-years. The young females were separated into groups as: n = 11, mean 
age = 9.60-years; n = 12, mean age = 11.83-years; n = 14, mean age = 14.63-years; n = 8, 
mean age = 21.90-years. Anthropometric measurements of the leg were taken to estimate 
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cross-sectional area (CSA) of the gastrocnemius. Evoked stimuli were applied to the 
muscles of the triceps surae to quantify peak twitch force. Following the evoked stimuli, 
all subjects completed maximum isometric contractions of the plantar flexor muscles. 
Following the isometric contractions, the triceps surae was electrically evoked 
intermittently for a period of 2-minutes at a frequency of 1 Hz to calculate a fatigue index 
(FI). Voluntary and peak twitch force were similar between young males and females, 
and significantly increased with age for both sexes. Expressing voluntary and peak twitch 
force relative to CSA eliminated the age-related increases in maximal strength. There 
were no differences in FI among any of the groups. The authors concluded that increases 
in muscle strength may be a function of increases in muscle size. However, the authors 
noted that their estimates of CSA could potentially overestimate the actual CSA by 40%, 
indicating that more direct measures of CSA should be conducted when examining the 
neural and morphological factors influencing the age-related increases in strength. 
2.3.4. Belanger and McComas (1989) 
The purpose of this study (9) was to compare the evoked and voluntary activation 
properties of the dorsi and plantar flexor muscles in male children and adolescents. Ten 
child males (mean age = 11.0-years) and 8 adolescent males (mean age = 16.5-years) 
participated in this study. Subjects completed maximum isometric contractions of the 
dorsi and plantar flexor muscles to determine voluntary strength. Evoked twitches 
quantified peak twitch torque, while supramaximal twitches during maximum isometric 
contractions quantified motor unit activation (MUA, ratio of supramaximal 
twitch:voluntary strength) and peak twitch torque. Subjects also completed a sustained 
isometric contraction for 1-minute to determine fatigue index (FI). Adolescent males 
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were older, taller, and heavier than child males. Regardless of the muscle group, 
adolescent males had significantly greater peak twitch torque and voluntary torque. 
Degree of MUA was 5% higher in the adolescent males compared to the child males. 
Therefore, among the dorsi and plantar flexor muscles, there are potential differences in 
muscle activation capabilities, which may be at least partly responsible for increases in 
muscle strength. 
2.3.5. Seger and Thorstensson (1994) 
The purpose of this study (99) was to compare the torque-velocity, 
electromyographic (EMG)-velocity, and torque-EMG relationships among male and 
female children and adults. Ten pre-pubertal males and 10 pre-pubertal females (age = 
11-years) participated, as well as 10 adult males and 10 adult females (age range = 22-35-
years). Participants completed maximal concentric and eccentric isokinetic leg extensions 
at 45, 90, and 180°·s-1. EMG recordings were taken from the vastus lateralis and vastus 
medialis muscles. Concentric and eccentric absolute torque increased from pre-pubertal 
males to men and pre-pubertal females to women. When absolute torque was expressed 
relative to body mass, there were no differences from pre-pubertal males to men, only 
pre-pubertal females to women. Regardless of the contraction, there were no differences 
between males and females. However, concentric strength was greater for the men, while 
eccentric strength was similar for men and women. The women had higher absolute EMG 
values than both groups of children, while men attained the highest absolute EMG values. 
Children and adults showed similar torque- and EMG-velocity relationships. The results 
of this study suggest potential sex-related differences in the growth and development-
related increases in strength, since absolute strength relative to body weight was not 
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different between pre-pubertal males and men but remained different for pre-pubertal 
females versus women. Thus, the sex-related differences in relative strength and absolute 
EMG amplitude suggest that the growth and development-related increases in strength 
may be sex-specific. 
2.3.6. Pääsuke, Ereline, and Gapeyeva (2000) 
The purpose of this study (91) was to compare the electrically evoked twitch 
contraction characteristics of the plantar flexor muscles in pre-pubertal, post-pubertal, 
and adult males. Pubertal status of the subjects was classified by the Tanner stages, and 
subjects were separated into pre-pubertal (n = 14, mean age = 11.4-years), post-pubertal 
(n = 14, mean age = 16.4-years), or adult (n = 12, mean age = 20.1-years) groups. 
Subjects completed maximal voluntary isometric contractions of the plantar flexors to 
determine voluntary strength. Prior to the maximal voluntary isometric contraction, a 
resting evoked twitch was delivered to the muscles of the plantar flexors. Immediately 
after the isometric contraction, a potentiated twitch was delivered to the muscles of the 
plantar flexors. Evoked and potentiated twitches were expressed in absolute terms and 
relative to maximal voluntary strength. Age, height, and weight increased across groups. 
There were systematic increases in voluntary strength from pre-pubertal males to adults, 
however, when voluntary strength was expressed relative to body mass there were no 
longer any differences. Pre-pubertal males had the lowest evoked and potentiated twitch 
torque, while post-pubertal males and men did not differ. The ratio of evoked and 
potentiated twitch to maximal voluntary strength was the greatest in the pre-pubertal 
males, but did not differ between post-pubertal males and adults. The results of this study 
indicate that strength is not different across pubertal status when expressed relative to 
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body weight, however, it is unknown if this is true when strength is expressed relative to 
muscle size or muscle mass. Furthermore, the results of this study demonstrate how 
puberty leads to significant increases in the twitch contraction properties of skeletal 
muscle. The lower ratios of the evoked and potentiated twitches to maximal strength 
suggest that the pre-pubertal males have lower muscle activation capabilities than post-
pubertal males and adults. 
2.3.7. Seger and Thorstensson (2000) 
The purpose of this study (100) was to examine the changes in anthropometric 
measurements, muscle strength, and electromyogram (EMG) throughout puberty. Nine 
males and 7 females completed this study and were 11.6- and 11.5-years old (pre-
pubescent), respectively, at the first test visit. All subjects re-visited the lab 5-years later 
when males were 16.3-years old and females were 16.1-years old (post-pubescent). 
Anthropometric measurements of height, weight, thigh length and circumference, and leg 
length and circumference were taken at each visit. At each visit, subjects completed 
maximal eccentric and concentric leg extensions at 45, 90, and 180°·s-1, while EMG 
signals were collected from the vastus lateralis and vastus medialis muscles. Pre-
pubescent males and females did not differ on any anthropometric measurements. Post-
pubescent males and females were taller, heavier, and had greater thigh and leg 
circumferences and lengths than their pre-pubescent counterparts. In general, the post-
pubescent males were larger than the post-pubescent females. Eccentric and concentric 
strength significantly increased from pre- to post-pubescent for males and females, while 
post-pubescent males were significantly stronger than post-pubescent females. Pre-
pubescent males and females did not differ in absolute strength assessments. Pre-
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pubescent and post-pubescent males and females showed similar torque- and EMG-
velocity relationships. Due to a methodological error, absolute EMG values were not 
compared. Eccentric to concentric torque per EMG demonstrated a higher ratio for post-
pubescent compared to pre-pubescent males and females, while post-pubescent males had 
the highest ratio. The results of this study provide evidence that neural adaptations, in 
conjunction with hypertrophy, likely influence the growth and development-related 
increases in strength, with potential differences between males and females. 
2.3.8. Halin, Germain, Buttelli, and Kapitaniak (2002) 
The purpose of this study (43) was to examine the differences in maximal strength 
and electromyogram (EMG) between 10-year old untrained males and gymnasts. Six 
male gymnasts (mean age = 10.5-years) and 6 untrained males (mean age = 10.6-years) 
completed this study. Anthropometric measurements were taken to estimate cross-
sectional area (CSA) of the arm. All participants completed a 5 s maximal isometric 
voluntary contraction of the forearm flexor muscles, while EMG was recorded from the 
biceps brachii. Subjects also completed a fatigue test, which included a sustained 
maximal isometric contraction which lasted 25 s. There were no differences in CSA 
between the gymnasts and untrained males. Absolute strength and strength expressed 
relative to CSA was not different between groups. Furthermore, there were no significant 
differences in EMG amplitude. The gymnasts fatigued to a greater degree than the 
untrained males during the sustained isometric contraction. The results of this study 
demonstrated that muscular strength and activation appears to be similar for the forearm 
flexor muscles between trained and untrained children. 
2.3.9. Halin, Germain, Bercier, Kapitaniak, and Buttelli (2003) 
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The purpose of this study (44) was to compare the neuromuscular response of the 
biceps brachii during maximal and sustained voluntary contractions. Fifteen pre-
pubescent males (mean age = 10.5-years) and 12 men (mean age = 21.5-years) completed 
this study. Arm cross-sectional area (CSA) was estimated from anthropometric 
measurements. All participants completed a 5 s maximal isometric contraction of the 
forearm flexor muscles, while EMG was recorded from the biceps brachii. Subjects also 
completed a fatigue test, which included a sustained maximal isometric contraction which 
lasted 30 s. The men had significantly greater CSA and maximum force. When force was 
expressed per unit of CSA, the men were still stronger. The EMG frequency signal was 
significantly greater for the men, and the men fatigued to a greater degree than the pre-
pubescent males. The results of this study suggest that differences in motor unit 
recruitment ability, not muscle size, significantly influence the strength differences 
between children and adults. 
2.3.10. Lambertz, Mora, Grosset, and Perot (2003) 
The purpose of this study (73) was to evaluate the contractile properties of the 
triceps surae in 7-10-year old children and adults. Twenty-eight pre-pubertal children 
completed this study and were separated by age as: 7-years (n = 2 females, n = 3 males), 
8-years (n = 4 females, n = 3 males), 9-years (n = 4 females, n = 1 male), and 10-years (n 
= 6 females, n = 5 males). Additionally, 6 men (mean age = 20.8-years) completed this 
study. Anthropometric assessments (leg circumference, foot length, height, weight) were 
taken. All participants completed maximal isometric plantar flexion muscle actions to 
quantify absolute strength. A superimposed twitch was delivered and used to quantify 
maximal M-wave, while electromyographic (EMG) signals were collected for the soleus, 
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gastrocnemius medialis, and gastrocnemius lateralis to quantify the ratio of strength to 
EMG amplitude, termed neuromuscular efficiency (NME). EMG recordings were also 
taken for the tibialis anterior to quantify coactivation. The adults were greater for all 
anthropometric measurements. The 7- and 8-year olds had lower leg circumference than 
the 10-year olds, while foot length, height, and weight increased systematically across 
age. The 7- and 8-year olds had lower absolute strength compared to the 10-year olds, 
while adults were stronger than all children. When strength was expressed relative to 
weight, there were no age-related differences. However, when strength was expressed 
relative to foot length, the adults were stronger than all children, and the 10-year olds 
were stronger than the 7- and 8-year olds. There were no age-related differences in 
maximal M-wave. NME was greater for the 10-year olds compared to 7- and 8-year olds, 
while adults had greater NME than all children. There were no age-related differences in 
coactivation. The authors concluded that muscle activation capabilities must be taken into 
account when comparing the contractile components of skeletal muscle across age. 
2.3.11. Grosset, Mora, Lambertz, and Perot (2005) 
The purpose of this study (42) was to compare the triceps surae twitch contractile 
properties in pre-pubertal children aged 7-11-years and adults. Forty-eight healthy males 
and females completed this study and were separated by age as: 7-years (n = 7 females, n 
= 3 males), 8-years (n = 4 females, n = 5 males), 9-years (n = 6 females, n = 3 males), 10-
years (n = 7 females, n = 5 males), and 11-years (n = 6 females, n = 2 males). 
Additionally, 9 men (mean age = 21.0-years) completed this study. Anthropometric 
assessments (leg circumference, height, and weight) were taken. Each subject completed 
maximal isometric contractions of the plantar flexor muscles. A superimposed twitch was 
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delivered and used to quantify peak twitch torque. There were systematic increases across 
age for all anthropometric variables. There were systematic increases in absolute peak 
twitch torque and when expressed relative to leg circumference. The rate of twitch torque 
development also increased systematically across age, similar to peak twitch torque. The 
results of this study demonstrate that there are significant changes in the contractile 
properties of skeletal muscle across age. Furthermore, when torque was expressed 
relative to leg size, there were still increases in torque. Therefore, changes in the force-
producing capabilities of muscle cannot be fully accounted for by increases in limb size. 
2.3.12. Grosset, Mora, Lambertz, and Perot (2008) 
The purpose of this study (41) was to examine age-related changes in muscle 
activation of the triceps surae in children aged 7-11-years and adults. Thirty-seven 
healthy males and females completed this study and were separated by age as: 7-years (n 
= 3 females, n = 3 males), 8-years (n = 5 females, n = 2 males), 9-years (n = 5 females, n 
= 3 males), 10-years (n = 7 females, n = 4 males), and 11-years (n = 4 females, n = 4 
males). Additionally, 9 men completed this study (mean age = 21.0-years). 
Anthropometric assessments (calf circumference, height, weight, and foot length) were 
taken. Each subject completed maximal isometric contractions of the plantar flexor 
muscles. A supramaximal twitch was used to quantify M-wave maximum and the 
activation deficit (AD), calculated as the ratio of supramaximal twitch torque:voluntary 
torque. All subjects also completed submaximal isometric contractions at 25, 50, and 
75% of maximum voluntary strength. Neuromuscular efficiency (NME) was calculated 
as the ratio of voluntary torque to the sum of the electromyographic (EMG) amplitudes 
from the soleus, gastrocnemius lateralis, and gastrocnemius medialis. EMG recordings of 
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the triceps surae and tibialis anterior were used to quantify coactivation. There were 
systematic increases across age for all anthropometric variables. There were also 
systematic increases in voluntary torque across age. Absolute maximal EMG amplitude 
was lower for the 7- and 8-year old children than the 11-year old children, and adults had 
greater absolute maximal EMG amplitude than all children. NME was significantly 
greater for 11-year olds than 7-year olds, while NME for adults was greater than 7-, 8-, 
and 9-year olds. For submaximal NME, 10- and 11-year old children were always greater 
than 7- and 8-year old children, whereas, adults were significantly greater than all 
children. The AD was higher in the 7-year olds compared to the 10- and 11-year olds, 
while adults had the lowest AD. The children did not differ on coactivation, however, the 
adults had lower coactivation than all children. The results of this study indicate that 
significant changes in the ability to activate skeletal muscle at least partly account for the 
growth and development-related increases in strength. 
2.3.13. Falk, Usselman, Dotan, Brunton, Klentrou, Shaw, and Gabriel (2009) 
The purpose of this study (29) was to compare muscle strength and activation in 
pre-pubertal males versus men during forearm flexion and extension muscle actions. 
Fifteen pre-pubertal males (mean age = 9.6-years) and 16 men (mean age = 22.1-years) 
completed this study. Anthropometric measurements were taken to assess height, weight, 
lean body mass (LBM), arm cross-sectional area (CSA), and maturity offset. All subjects 
completed maximal isometric contractions of the forearm flexor and extensor muscles to 
quantify maximal strength, while electromyographic (EMG) signals were recorded from 
the biceps brachii and triceps brachii to quantify the rate of EMG rise (RER) and 
coactivation. The men were significantly older, taller, heavier, and had greater LBM and 
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CSA. The men had significantly greater absolute forearm flexion and extension strength. 
When absolute strength was expressed relative to either weight or CSA, the men still had 
greater forearm flexion strength, but forearm extension strength was not different. 
Forearm flexion RER was significantly lower in pre-pubertal males, but was not different 
for forearm extension. There were no differences in coactivation for forearm flexion or 
extension. The results of this study indicate that forearm flexion strength is significantly 
different between pre-pubertal males and men, even when expressed relative to muscle 
size. Furthermore, pre-pubertal males had significantly lower neuromuscular function 
during the forearm flexion. Thus, it is possible that the differences in forearm flexion 
strength are influenced to a greater degree by neuromuscular contributions, rather than 
muscle size. 
2.3.14. O’Brien, Reeves, Baltzopoulos, Jones, and Maganaris (2009) 
The purpose of this study (88) was to examine agonist muscle activation and 
antagonist muscle coactivation characteristics during leg extension muscle actions in 
children versus adults. Ten pre-pubertal males (mean age = 8.9-years), 10 pre-pubertal 
females (mean age = 9.3-years), 10 men (mean age = 28.2-years), and 10 women (mean 
age = 27.4-years) completed this study. Measurements of height and weight were taken. 
All participants completed maximal voluntary isometric leg extensions at every 5° knee 
flexion angle between 55° and 90° to quantify strength. The interpolated twitch technique 
was used to quantify voluntary activation, and electromyographic (EMG) recordings of 
the biceps femoris were taken to calculate antagonist coactivation. Regardless of the joint 
angle, men were stronger than women, and men and women were stronger than pre-
pubertal males and females. There were no differences in strength between pre-pubertal 
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males and females. Voluntary activation was significantly lower in pre-pubertal females 
compared to men and women across all joint angles. Regardless of the joint angle, 
antagonist coactivation was higher in men compared to pre-pubertal males and females. 
The results of this study indicate that, regardless of the joint angle, there are significant 
age-related, sex-specific differences in voluntary activation that may at least partly 
mediate the growth and development-related increases in strength. 
2.3.15. O’Brien, Reeves, Baltzopoulos, Jones, and Maganaris (2010) 
The purpose of this study (89) was to examine the differences in muscle strength, 
size, and activation among male and female children versus adults. Ten pre-pubertal 
males (mean age = 8.9-years), 10 pre-pubertal females (mean age = 9.3-years), 10 men 
(mean age = 28.2-years), and 10 women (mean age = 27.4-years) completed this study. 
Magnetic resonance imaging of the quadriceps femoris quantified muscle volume and 
cross-sectional area (CSA) of the vastus lateralis, vastus intermedius, vastus medialis, and 
rectus femoris. Furthermore, the authors measured specific tension of the muscle to 
examine the influences of muscle size on increases in muscle strength from childhood to 
adulthood. All participants completed maximal isometric leg extension muscle actions to 
assess voluntary strength. Voluntary activation was quantified using the interpolated 
twitch technique. Adults were significantly stronger, had greater muscle size, and greater 
voluntary activation than children. The men were stronger and had greater muscle size 
than women, however, there were no sex-related differences for strength, muscle size, or 
voluntary activation among the children. There were no differences in specific tension. 
The authors concluded that the lack of differences in specific tension indicates that 
increases in muscle size could not account for the differences in strength between 
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children and adults. Furthermore, the authors calculated that increases in CSA accounted 
for 75% of the difference in strength among males, but only 50% of the difference in 
strength among females, while the females had greater differences in voluntary 
activation. Thus, based on the results of this study there are sex-specific differences in the 
influences of neural maturation and muscle size on the growth and development-related 
increases in strength. 
2.3.16. Kluka, Martin, Vicencio, Jegu, Cardenoux, Morio, Coudeyre, and Ratel (2015) 
The purpose of this study (70) was to compare muscle strength and voluntary 
activation between children and adults. Thirteen pre-pubertal males (mean age = 10.2-
years) and 10 men (mean age = 23.9-years) completed this study. Anthropometric 
measurements quantified weight, while dual-energy x-ray absorptiometry quantified fat-
free mass (FFM) and estimated thigh muscle mass. All subjects completed maximal 
isometric leg extension muscles actions at knee angles of 20, 90, and 100°, while the 
interpolated twitch technique was used to assess voluntary activation. Electromyographic 
(EMG) recordings were taken from the vastus lateralis, rectus femoris, and biceps 
femoris to quantify coactivation. The men were significantly older, heavier, and had 
greater FFM and thigh muscle mass. Men had significantly greater absolute strength at all 
knee angles. Strength relative to thigh muscle mass and voluntary activation were not 
different at the 20° knee angle. However, at the knee angles of 90 and 100°, men had 
greater strength relative to thigh muscle mass and greater voluntary activation.  There 
were no differences in coactivation. The results of this study indicate that thigh muscle 
mass was unable to account for the differences in strength between pre-pubertal males 
and men. The differences in voluntary activation suggest that changes in neuromuscular 
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function from childhood to adulthood at least partly account for the lower strength in pre-
pubertal males. 
2.3.17. Martin, Kluka, Vicencio, Maso, and Ratel (2015) 
The purpose of this study (79) was to compare muscle strength, size, and 
activation of the adductor pollicis between children and adults. Thirteen pre-pubertal 
males (mean age = 11.6-years) and 8 men (mean age = 25.6-years) completed this study. 
Measurements of height and weight were taken, and muscle cross-sectional area (CSA) 
of the adductor pollicis was quantified from ultrasound imaging. All subjects completed 
maximal isometric contractions of the adductor pollicis to quantify strength. The 
interpolated twitch technique was used to assess voluntary activation. The men were 
significantly older, taller, heavier, and had greater CSA. Absolute strength, strength 
expressed relative to CSA, and voluntary activation was significantly greater in the men 
compared to pre-pubertal males. The authors concluded that the reduced ability to 
voluntarily activate the adductor pollicis muscle at least partly accounts for the 
differences in strength between children and adults. 
2.3.18. Kluka, Martin, Vicencio, Giustiniani, Morel, Morio, Coudeyre, and Ratel (2016) 
The purpose of this study (71) was to compare muscle strength and voluntary 
activation of the plantar flexor muscles in children versus adults. Fourteen pre-pubertal 
males (mean age = 10.0-years) and 15 men (mean age = 24.6-years) completed this study. 
Anthropometric measurements quantified height and weight. All participants completed 
maximal isometric contractions of the plantar flexor muscles at 7 ankle angles from 10° 
dorsiflexion to 20° plantar flexion, while the interpolated twitch technique was used to 
quantify the potentiated twitch torque and voluntary activation. Electromyographic 
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(EMG) recordings were taken from the triceps surae and tibialis anterior to quantify 
coactivation. Men were significantly older, taller, and heavier. Regardless of the ankle 
angle, men had higher absolute strength values. Furthermore, potentiated twitch torque 
and voluntary activation was higher in men regardless of the ankle angle. There were no 
significant differences in coactivation. The authors concluded that voluntary activation at 
least partly accounts for the differences in strength between pre-pubertal males and men. 
2.3.19. Chalchat, Piponnier, Bontemps, Julian, Bocock, Duclos, Ratel, and Martin (2019) 
The purpose of this study (14) was to assess voluntary activation (VA) and motor 
unit recruitment patterns of the leg extensor muscles in boys versus men. Eleven boys 
(age 9-11-years) and 13 men (age 18-30-years) completed this study. Maturation of the 
boys was assessed via Tanner stage and estimated maturity offset. All subjects completed 
isometric contractions at 20, 30, 50, 70, 80, 90, and 100% of maximal voluntary isometric 
contraction (MVIC) strength to assess submaximal and maximal voluntary activation, 
which was assessed by the interpolated twitch technique. To quantify motor unit 
recruitment strategies, each subject completed trapezoidal isometric contractions at 20, 
30, 50, 70, 80, and 100% of MVIC. Electromyographic (EMG) decomposition techniques 
were used to quantify mean firing rate (MFR), recruitment threshold (RT), and motor unit 
action potential size (MUAPSIZE). Regardless of the contraction level, there were no 
differences in VA or the MFR vs. RT relationship. However, men had a greater 
MUAPSIZE vs. RT relationship, while boys had a greater MFR vs. MUAPSIZE relationship. 
Although there were no differences in VA, the authors concluded that differences in 
motor unit recruitment strategies may influence the growth and development-related 
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increases in muscular strength. Furthermore, the authors used a singlet twitch for the 
interpolation technique, not the recommended doublet twitch. 
2.3.20 Herda, Miller, Wray, Sterczala, Dimmick, and Trevino (2019) 
The purpose of this study (49) was to examine possible differences in motor unit 
action potential amplitudes (MUAP) and firing rates of the first dorsal interosseous (FDI) 
in male and female children aged 8-10-years old. Eight male (mean age = 8.8-years) and 
8 female (mean age = 9.3-years) children completed this study. All subjects completed 
maximal voluntary isometric contractions (MVICs) of the FDI, followed by trapezoidal 
muscle actions at 50% of the MVIC. Surface electromyography (EMG) was recorded and 
decomposed to examine motor unit recruitment strategies. Ultrasound images of the FDI 
were taken to quantify muscle cross-sectional area (CSA). No differences existed in 
MVIC strength, CSA, or MUAP. However, the males had greater firing rates of low-
threshold motor units than the females. These results demonstrate that sex-related 
differences exist among neuromuscular function in children. 
2.3.21. Gillen, Shoemaker, McKay, Bohannon, Gibson, and Cramer (2019) 
The purpose of this study (34) was to compare measurements of muscle strength, 
size, and neuromuscular function among pre-adolescent and adolescent males and 
females. Seven pre-adolescent males (mean age = 11.78-years), 7 pre-adolescent females 
(mean age = 11.72-years), 8 adolescent males (mean age = 14.06-years), and 6 adolescent 
females (mean age = 14.47-years) completed this study. Measurements of height, weight, 
and fat-free mass (FFM) were taken, while quadriceps femoris muscle cross-sectional 
area (CSA) was quantified from ultrasound images. All subjects completed maximal 
voluntary isometric contractions (MVICs) of the leg extensor muscles, as well as 
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isometric ramp contractions of the leg extensors. Electromyographic (EMG) and 
mechanomyographic (MMG) signals were recorded during all muscle actions. The 
adolescent males and females had greater measurements of height, weight, FFM, CSA, 
and muscle strength, as well as greater neuromuscular efficiency quantified from the 
EMG and MMG recordings. Even after scaling MVIC strength for height, weight, FFM, 
and CSA, the adolescent males and females were stronger. The patterns of MMG 
response during the isometric ramp contractions displayed more type I motor unit 
characteristics in the pre-adolescent group. The results of this study suggest that 
measurements of body or muscle size do not fully account for differences in strength 
across growth and development, and changes in neuromuscular function likely influence 
strength from pre-adolescence to adolescence. 
2.3.22. Miller, Sterczala, Trevino, Wray, Dimmick, and Herda (2019) 
The purpose of this study (81) was to examine differences in motor unit control 
strategies in children versus adults. Twenty-two male and female children (mean age = 
9.0-years) and 13 male and female adults (mean age = 22.9-years) completed this study. 
All subjects completed maximal voluntary isometric contractions (MVICs) of the first 
dorsal interosseous (FDI) followed by two repetitive isometric contractions at 30% 
MVIC for 40 s. Surface electromyographic (EMG) signals were recorded and 
decomposed to examine motor unit recruitment strategies. Ultrasound images of the FDI 
were taken to quantify muscle cross-sectional area (CSA). Adults were significantly 
stronger, had greater muscle CSA, and greater absolute EMG amplitude during MVIC 
than the children. Normalized EMG amplitude (at 30% MVIC) and motor unit firing rates 
were significantly greater for children than adults. Motor unit action potentials of the high 
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threshold motor units were significantly greater in adults than children. When force was 
normalized to CSA, children were stronger than adults. The results of this study 
demonstrate that children have lower absolute muscle activation (quantified as absolute 
EMG amplitude) during maximal contractions, as well as higher relative muscle 
activation and greater reliance on motor unit firing rates during submaximal muscle 
actions. 
2.4. Pubertal Status during Growth and Development 
2.4.1. Marshall and Tanner (1969) 
The purpose of this study (77) was to describe the events of puberty in females. 
One hundred ninety-two females (age range = 3-6-years) completed this study. Subjects 
were assessed for pubertal development every 3 months throughout childhood and 
adolescence. The assessments used to describe development were: menarche, Tanner 
stages, and peak height velocity (PHV). The results of this study indicate that menarche 
can be used to determine pubertal status, such that females who are pre-menarche can be 
considered pre-pubertal, while females who are post-menarche can be considered post-
pubertal. In general, females reached menarche at the mean age of 12.5-years. 
Furthermore, these results indicate that there are large variations in the age at which PHV 
and specific Tanner stages occur. Additionally, menarche does not always occur during 
the same PHV or Tanner stage, indicating that the dichotomous grouping of pre- versus 
post-menarche provides a simple assessment of pubertal status in females. 
2.4.2. Marshall and Tanner (1970) 
The purpose of this study (78) was to describe the events of puberty in males. 
Two hundred twenty-eight males (age range = 3-6-years) completed this study. Subjects 
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were assessed for pubertal development every 3 months throughout childhood and 
adolescence. The assessments used to describe development were: Tanner stages and 
peak height velocity (PHV). The mean age of PHV was 14.06-years. Development of the 
male genetalia began at the mean age of 11.6-years, which is approximately 2.5-years 
pre-PHV. Furthermore, the genetalia reached adult development at the mean age of 14.9-
years, which is approximately 0.84-years post-PHV. The results of this study present 
estimations of indirectly assessing male pubertal status base on either Tanner stage or 
PHV. 
2.4.3. Zacharias and Rand (1983) 
The purpose of this study (115) was to examine the characteristics of the 
adolescent growth spurt in relation to menarche in females. Three hundred thirty-eight 
females completed this study. The initial age range for the females was 5-6-years. 
Subjects were assessed every six weeks until the attainment of adult height. Height was 
entered into a mathematical model to quantify the adolescent growth spurt, which 
allowed the estimation of peak height velocity (PHV) and adult height. In general, height, 
adult height, and PHV were not related to each other. The age range for the attainment of 
PHV for 90% of the sample was 6.05-11.04-years, with the mean being 11.62-years. The 
mean age of menarche was 12.96-years, which was 1.34-years post-PHV on average. The 
age range for the occurrence of menarche for 90% of the sample was 11.12-15.10-years. 
The authors concluded that PHV and menarche occur independently of each other. Since 
there is lower variability in age for the attainment of menarche compared to PHV, and 
since measurements of physical maturity appear unrelated to each other, it is 
recommended that menarche be used to classify the pubertal status of females. 
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2.4.4. Nielsen, Skakkbaek, Darling, Hunter, Richardson, Jørgensen, and Keiding (1986) 
The purpose of this study (86) was to longitudinally assess sex hormones and 
growth in males during childhood and adolescence. Forty males completed this study. 
The initial age range for the males was 8.6-11.7-years. Subjects were assessed for urine 
testosterone ([T]), urine luteinizing hormone (LH), spermarche, pubic hair, height, and 
sitting height (to estimate peak height velocity (PHV)) every 3 months for 7-years. Both 
[T] and LH increased significantly at approximately 11-years, which corresponded to two 
years pre-PHV. Furthermore, [T] and LH stopped increasing significantly at 
approximately 15-years, which corresponded to two years post-PHV. Additionally, the 
results showed that spermarche occurs at PHV. The authors concluded that since [T] has 
the most significant growth-promoting effect in males, it can be used as a direct 
assessment of pubertal status. Furthermore, if future studies are attempting to indirectly 
assess pubertal status in males, they can be reasonably certain that males 2-years pre-
PHV will be pre-pubertal, while males 2-years post-PHV will be post-pubertal. 
2.4.5. Klein, Martha Jr., Blizzard, Herbst, and Rogol (1996) 
The purpose of this study (69) was to examine sex hormone levels in males 
progressing through puberty. Twenty-three males completed the study, and ranged in age 
from 8.5-12.7-years at the beginning of the study. Each male was evaluated every 4 
months until their pubertal rating was considered adult, making the duration of the study 
5.3-7.4-years based on the participant. Each visit included an assessment of Tanner stage 
and skeletal maturation, which quantified peak height velocity (PHV). Serum testosterone 
([T]) and growth hormone (GH) were taken at each visit. Additionally, a recombinant cell 
bioassay was used to quantify estrogen. The [T] level first increased from -2 to 0 years 
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pre-PHV, then reached adult values 1-year post-PHV. These PHV levels coincided with 
Tanner stage 1-2 and Tanner stage 4-5, respectively. Estrogen increased from -1-years 
pre-PHV to 1-year post-PHV. The authors concluded that [T] has the most significant 
effect on physical growth and hormonal concentration in males. Furthermore, the results 
of this study demonstrate how PHV can be used as an indirect assessment of pubertal 
status, and subsequent [T] levels, to indirectly assess pubertal status. 
2.4.6. Khairullah, Klein, Ingle, May, Whetzel, Susman, and Paus (2014) 
The purpose of this study (68) was to provide reference ranges for testosterone in 
a large sample of young males. Five hundred thirteen males were assessed for 
testosterone every two years from the age of 9-17-years old. A secondary purpose of this 
study was to create reference values for testosterone levels in males age 6-19-years old 
based on the results of this study and previous studies. The results of this study 
demonstrated that testosterone levels increase significantly from pre-pubescent levels 
from the age of 10-15-years old, at which point they reach adults testosterone levels. 
Furthermore, the authors statistically compared their results to values published in 
previous studies, and found their testosterone values to agree with previous studies. This 
study also provides reference values for testosterone for males age 6-19-years old. The 
reference values presented in this study were based on six studies either cross-sectionally 
or longitudinally examining testosterone levels across growth and development in males. 
Based on these results, testosterone concentrations ≤ 57.7 ± 0.8 ng·dL-1 and ≥ 482.2 ± 3.2 
ng·dL-1 can classify males as pre- and post-pubertal, respectively. 
2.4.7. Granados, Gebremariam, and Lee (2015) 
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The purpose of this study (38) was to evaluate the relationship between timing of 
peak height velocity (PHV) and pubertal development. One hundred fifty-six males and 
246 females were assessed every year from the age of 2-15-years. Height, weight, PHV, 
and Tanner stage were assessed at each visit. Additionally, females were asked about the 
onset of menarche at each assessment. The mean age at PHV was 13.7-years for males 
and 12.1-years for females. For the males, 58.9% reached PHV by Tanner stage 4, while 
69.1% of females reached PHV by Tanner stage 3. Additionally, most females reached 
PHV prior to menarche. Although the results present the relationships between the timing 
of PHV and pubertal development, the authors noted that there was substantial variability 
in the timing of PHV across Tanner stages. Thus, if indirect measures are used to assess 
pubertal status, it may be beneficial to provide direct assessments of pubertal status to 
verify the results. 
2.4.8. Pişkin, Gümüş, Bayraktaroğlu, Akalin, and Yamaner (2018) 
The purpose of this study (93) was to evaluate the influences of training during 
growth and development of children and adolescent wrestlers. Fifty male wrestlers, age 
13-15-years, completed this study. Additionally, 21 untrained males, age 13-15-years, 
completed this study as a control group. Males were separated into either a pre-pubertal 
(n = 19 wrestlers, n = 11 control) or pubertal (n = 31 wrestlers, n = 10 control) group 
based on serum testosterone. Males in the pre-pubertal group had serum testosterone ≤ 55 
ng·dL-1, while males in the pubertal group had serum testosterone > 55 ng·dL-1. Wrestlers 
completed a 7-month training program, while the control group did not. Anthropometric 
characteristics and hormonal concentrations (serum testosterone, LH, FSH, estriol, 
prolactin, cortisol, DHEA, and IGF-1) were taken for each group before and after the 
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training program. There were no differences in anthropometric characteristics or 
hormonal concentration between training and control. Additionally, there were no 
differences in hormonal concentration between wrestlers versus control or pre-pubertal 
versus pubertal. The reason for no differences between pre-pubertal versus pubertal 
subjects could be due to the large ranges of hormonal concentration, which do not seem 
to consistently be below 55 ng·dL-1 in the pre-pubertal males. Additionally, the training 
program did not result in any hormonal differences between groups. Thus, future studies 
using hormonal concentration to verify pubertal status should ensure that the cutoffs for 
serum testosterone concentration are followed according to previous literature to ensure 
the groups have different biological maturity statuses. 
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CHAPTER III: METHODS 
Participants 
Forty-six pre-pubescent (n = 11 males, n = 13 females) and post-pubescent (n = 
12 males, n = 10 females) participants between the ages of 8-10-years and 15-18-years, 
respectively, were recruited. However, 1 pre-pubescent male and 3 pre-pubescent females 
withdrew from the study. Furthermore, 2 post-pubescent males did not meet the inclusion 
criteria for serum testosterone concentration. Therefore, data from forty pre-pubescent (n 
= 10 males, n = 10 females) and post-pubescent (n = 10 males, n = 10 females) 
participants were analyzed and reported herein. Male participants were initially screened 
for inclusion by calculating the age at peak height velocity (PHV) with the Mirwald 
equation (82). To be included in the pre-pubescent group, males must have been at least 
2-years prior to PHV. Inclusion in the post-pubescent group required that males be at 
least 2-years after PHV. Post hoc verification of pubertal status was assessed from 
capillary blood samples collected during the familiarization visit for serum testosterone 
concentration. Based on previous studies (68, 69, 86, 93, 97), a pre-pubescent male must 
have had a serum testosterone concentration ≤ 58.5 ng·dL-1 (mean ± 95% confidence 
interval, 57.7 ± 0.8 ng·dL-1), while a post-pubescent male must have had a serum 
testosterone concentration ≥ 479 ng·dL-1 (482.2 ± 3.2 ng·dL-1) to be included in the 
statistical analyses.  
Female participants were initially screened for inclusion by asking if they had 
reached menarche. Females who had not yet reached menarche were considered pre-
pubescent, while females who had passed the age of menarche were considered post-
pubescent (38, 77, 115). Additionally, to control for the mid-follicular phase, all post-
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pubescent females completed both visits to the laboratory in the follicular phase. Based 
on previous studies (68, 69, 77, 78, 86, 93, 97, 115), males and females who were 8-10-
years old should have met the criteria for pre-pubescence, while males and females who 
were 15-18-years old should have met the criteria for post-pubescence. Thus, participants 
in these age ranges were recruited.  
This study was approved by the University of Nebraska-Lincoln’s Institutional 
Review Board (IRB) for the protection of human participants (IRB Approval #: 
20190719446FB, Title: Muscle Strength, Size, and Neuromuscular Function in Pre-
pubescent and Post-pubescent Boys and Girls). Before any data collection, pre-pubescent 
participants signed an approved child assent form, while post-pubescent participants 
signed an approved youth assent form, and one parent or legal guardian signed an 
approved parental consent form. Each participant, with the assistance from their parent or 
legal guardian, completed the PAR-Q+ 2015 (110) and was included in this study if 
questions 1-7 were answered “no” or all of the follow-up questions of the PAR-Q+ 2015 
were answered “no.” 
A priori calculations of sample sizes to detect differences in muscle strength, size, 
and voluntary activation at the statistical power of ≥ 0.80 were n = 8 per group, based on 
the following equation from Gravetter and Wallnau (39) and Vincent and Weir (109): 
𝑛𝑛 = 2 �(1.96 + 0.84) 𝑥𝑥 𝑆𝑆𝑆𝑆
∆
�
2
 
Where 1.96 is the Z-score critical value for a significance test and 0.84 is the Z-
score transformation of the alternative hypothesis mean value when the statistical power 
is 0.80 and the alpha value is 0.05, SD is the standard deviation, and Δ is the difference in 
means that was considered statistically significant (39, 109).  
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Using the mean differences in muscle strength reported by Wood et al. (113), the 
minimum sample size needed to detect differences in muscle strength was: 
𝑛𝑛 = 2 �(1.96 + 0.84) 𝑥𝑥 710 �2 
𝑛𝑛 = 7.68 ≅ 8 
Using the mean differences in muscle size reported by Wood et al. (113), the 
minimum sample size necessary to detect changes in muscle size was: 
𝑛𝑛 = 2 �(1.96 + 0.84) 𝑥𝑥 1.93.4 �2 
𝑛𝑛 = 4.90 ≅ 5 
Using the mean differences in voluntary activation reported by O’Brien et al. (89), 
the minimum sample size necessary to detect changes in voluntary activation was: 
𝑛𝑛 = 2 �(1.96 + 0.84) 𝑥𝑥 11.618.65 �2 
𝑛𝑛 = 6.07 ≅ 7 
Based on the largest minimal sample size estimate above, and an anticipated 20% 
attrition, at least n = 10 participants were recruited for each group. Furthermore, previous 
studies (9, 18, 19, 34, 41-43, 70, 73, 79, 88, 89, 94) have used sample sizes ranging from 
n = 5 to n = 15 per cross-sectional group to examine differences in muscle strength, size, 
and voluntary activation in children ranging from 7 to 16 years of age. 
Experimental Design 
A mixed factorial design was used for this study. A within-subjects, repeated 
measures design was used to report the test-retest reliability of the common measures 
recorded during the familiarization and experimental visits. A cross-sectional, factorial 
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design was used to compare sexes and pubescent status groups on measurements 
recorded during the experimental visit only. Participants visited the laboratory twice, 
once for familiarization and once for the experimental visit. The familiarization and 
experimental visits were separated by 2-5 days and occurred at the same time of day (± 2 
hours). The familiarization visit allowed participants to experience and practice 
interacting with the testing equipment and procedures (21). During the familiarization 
visit, pubertal classification and separation into the pre-pubescent or post-pubescent 
group took place. Anthropometrics, ultrasound, and muscle strength assessments were 
performed during each visit. 
Anthropometrics and Body Composition 
Height, seated height, and body mass were measured using a digital scale and 
stadiometer (Seca 769, Hamburg, Germany). These variables were used to estimate 
maturity offset from PHV based on the equations established by Mirwald et al. (82). 
Specifically, for males, maturity offset was calculated with the following equation: Maturity Offset = -9.236 + 0.0002708 (LL 𝑥𝑥 SH) – 0.001663 (age 𝑥𝑥 LL) + 0.007216 (age 𝑥𝑥 SH) + 0.02292 (BM ÷ HT) 
Where LL is leg length (cm), age is in years, SH is seated height (cm), BM is 
body mass (kg), and HT is height (cm). For females, maturity offset was calculated with 
the following equation: Maturity Offset = -9.376 + 0.0001882 (LL 𝑥𝑥 SH) + 0.0022 (age 𝑥𝑥 LL) + 0.005841 (age 𝑥𝑥 SH) – 0.002658 (age 𝑥𝑥 BM) + 0.07693 (BM ÷ HT) 
Percent body fat (BF%) and fat-free mass (FFM, kg) were assessed from skinfold 
measurements (SKFs) taken with a Lange caliper (Model 68902, Cambridge Scientific 
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Industries, Inc., Cambridge, MD, USA). All SKFs were taken on the right side of the 
body at the subscapular (diagonal fold immediately inferior to the interior angle of the 
scapula), triceps (vertical fold in the middle of the arm, midway between the acromion 
and olecranon process), and suprailiac (diagonal fold immediately superior to the anterior 
superior iliac spine) sites and were recorded to the nearest 0.5 mm (62). For males, the 
following equation by Housh et al. (61) was used to estimate body density: Body Density = 1.056 – (0.00098 𝑥𝑥 Triceps SKF) + (0.00132 𝑥𝑥 Age) – (0.0017 𝑥𝑥 Suprailiac SKF) + (0.00031 𝑥𝑥 BM) 
Where BM is body mass (kg). For females, the following equation by Housh et al. 
(55) was used to estimate body density: Body Density = 1.0987 – (0.00122 𝑥𝑥 (Triceps SKF + Suprailiac SKF + Subscapular SKF)2) 
Subsequently, the following equation established by Brozek et al. (11) was used 
to estimate BF%: Percent Body Fat = (4.57 ÷ Body Density) – 4.142 
Body mass was then multiplied by BF%, which was then subtracted from body 
mass to quantify FFM. 
Serum Testosterone 
Capillary blood samples of 200 μL were collected in microvettes (Microvette® 
200 μL, K3 EDTA, violet US code; 10.8 mm x 46.6 mm) to analyze for serum 
testosterone concentration (ng·dL-1) in the male participants. Enzyme-linked 
immunosorbent assay (ELISA) kits measured serum testosterone concentration 
(Testosterone ELISA kit (Serum), Crystal Chem USA, Elk Grove Village, IL, USA). 
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Assay procedures were followed according to the manufacturer’s protocol (Crystal Chem 
USA, Elk Grove Village, IL, USA) and performed in duplicate for each blood sample. 
The average of the two samples was used as the representative serum testosterone 
concentration. 
Ultrasound Measurements 
Panoramic cross-sectional ultrasound images of the biceps brachii were collected 
using a portable brightness mode (B-mode) ultrasound-imaging device (GE Logiq e, 
USA) interfaced with a multi-frequency linear-array probe (12L-RS; 5-13 MHz; 38.4 mm 
field-of-view). Participants were positioned on a plinth in the supine position while lying 
with the right arm abducted, relaxed, and supported on the plinth with the forearm 
extended. Prior to obtaining ultrasound images of the biceps brachii, the investigator used 
exploratory images to determine the proximal and distal musculotendinous regions. 
These regions were marked and the distance between these regions was considered the 
total muscle length (cm) (96, 107). All ultrasound images were taken at 0, 25, 50, 75, and 
100% of the total muscle length of the biceps brachii, where 0% was the proximal 
musculotendinous region, and 100% was the distal musculotendinous region. Panoramic 
cross-sectional images were taken from the most lateral to the most medial aspect of the 
biceps brachii at a constant speed controlled by the investigator (ZMG). A generous 
amount of water-soluble transmission gel was applied to the skin to enhance acoustic 
coupling and reduce near field artifacts. Equipment settings were optimized for image 
quality with a gain of 58 dB and a frequency of 12 MHz. These settings were held 
constant across participants. Image depth, however, was adjusted based on each 
participant’s arm size and was held constant for each participant. All images were taken 
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by the same investigator (ZMG) prior to any exercise performed by this muscle. Images 
were taken until three images of acceptable quality, as determined by the investigator, 
were acquired at each measurement site. Images with the highest visual contrast were 
used for analysis. 
Images were analyzed using Image-J Software (National Institutes of Health, 
USA, version 1.47v). Prior to analysis, images were scaled from pixels to cm using the 
Image-J straight-line function. Biceps brachii muscle cross-sectional area (CSA, cm2) 
was quantified from the panoramic images using the polygon function in Image-J to 
select the maximal region of interest that included as much of the biceps brachii as 
possible while excluding the surrounding fascia (63). CSA was calculated for each site 
such that 0% = CSA1, 25% = CSA2, 50% = CSA3, 75% = CSA4, and 100% = CSA5. CSA 
from the 50% site represented the muscle’s CSA. Additionally, subcutaneous fat 
thickness of the biceps brachii was quantified at CSA3 using the straight-line function in 
Image-J. Following the quantification of CSA at each measurement site, the truncated 
cone method was used to quantify muscle volume (MV, cm3) of the biceps brachii (96, 
107) (Figure 1) by using the following equation: Cone volume = (1/3 x HT) 𝑥𝑥 π 𝑥𝑥 (R21 + R1) 𝑥𝑥 (R22 + R2) 
Where R1 = radius of the base (cm), R2 = radius of the top (cm), R = √(CSA/π), 
and HT = distance between the segments (cm). Volume was calculated for each segment 
such that 0-25% = MV1, 25-50% = MV2, 50-75% = MV3, and 75-100% = MV4. The 
volume from each segment was summed as total biceps brachii MV (MVTotal) (96, 107). 
Muscle Strength and Voluntary Activation Measurements 
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For isometric testing, participants were seated with straps securing the trunk and 
pelvis on a Biodex System 3 (Biodex Medical Systems, Inc., Shirley, NY, USA) which 
was custom fitted with a load cell (Omegadyne, model LCHD-500, 0-500 lbs, Stamford, 
CT, USA) on an adjustable lever-arm. All assessments were performed on the right arm. 
Each participant’s wrist was secured using a Velcro strap, the axis of rotation of the 
dynamometer head was aligned with the axis of rotation of the elbow joint, and the arm 
was abducted to 45° to better expose the musculocutaneous nerve for assessment of 
voluntary activation (VA, %) (63). The arm and forearm were set at a joint angle of 90°.  
The participants completed two, 3 s warm-up forearm flexion muscle actions at 
50% and 75% of perceived effort with 30 s rest between each muscle action. Following 
the warm-up and 2 min of rest, participants completed two, 4 s maximum voluntary 
isometric contractions (MVICs) of the forearm flexors with 2 min of rest between each 
muscle action. Then participants completed two, 4 s MVICs of the forearm extensors 
with 2 min of rest between each muscle action. On each attempt, participants were 
instructed to contract as hard and fast as possible when the investigator said “go”. Loud, 
verbal encouragement was given during each MVIC. Participants then completed 
submaximal isometric step muscle actions at 30%, 50%, and 70% of the peak MVIC, as 
well as one low-level absolute torque contraction that equaled 5 Nm. 
The twitch interpolation procedure was used to estimate VA during the MVICs, 
30%, 50%, and 70% of the peak MVIC, as well as the low-level absolute torque 
contraction, during the second visit. During the MVICs, doublet stimuli were 
transcutaneously superimposed and applied to the musculocutaneous nerve during a 
stable plateau in torque observed by the investigator (ZMG) (1, 2, 63). Three to 5 seconds 
58 
 
 
 
after the MVIC, a potentiated twitch was evoked at rest with the same doublet stimuli. 
Peak torques of the MVIC, superimposed twitch, and potentiated twitch were used to 
calculate VA as described previously (70, 71, 79, 89) and illustrated in Figure 2. The 
twitch interpolation procedure was performed identically during the submaximal 
isometric step muscle actions (30%, 50%, 70%, and low-level absolute torque). 
Transcutaneous electrical stimuli were delivered via a high voltage (maximal 
voltage = 400V), constant-current stimulator (Digitimer DS7AH, Hertfordshire, UK). 
The cathode was a hand-held probe (Digitimer Bipolar Felt Pad Electrodes, 
Hertfordshire, UK), covered in a saline-soaked sponge, and placed over the 
musculocutaneous nerve and the anode was a disposable, adhesive electrode (40 x 50 
mm; Digitimer Ltd, Hertfordshire, UK) placed over the bicipital tendon based on 
previous descriptions (1, 2). Optimal cathode location was determined by delivering 
single, low-amperage exploratory stimuli (20 mA) while visually monitoring the twitch 
torque and compound muscle action potential (M-wave) amplitudes displayed in real-
time on an external computer screen. Once the location was determined, the skin was 
marked, and all further stimuli were delivered at that location. Maximal twitch torque and 
peak-to-peak M-wave amplitude were determined by successive single stimuli applied 
while systematically increasing the amperage in 10 mA increments until a plateau in 
twitch torque and peak-to-peak M-wave amplitude were observed after 3 consecutive 
amperage increases. To ensure a supramaximal stimulus, 120% of the stimulus amperage 
used to determine the plateau was used to evoke the forearm flexor muscles with a 
doublet stimulus (200 ms duration square-wave impulse at 100 Hz). 
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Each participant also completed isometric forearm flexion ramp contractions at a 
constant rate of torque increase (slope = 7.5 Nm∙s-1) across all participants. Participants 
were asked to track their torque production on a computer monitor that displayed the real-
time, digitized torque signal overlaid onto a ramp template. The ramp contraction began 
with a 5 s contraction at 1 Nm, followed by a linear increase at 7.5 Nm∙s-1, and ended 
with a 2 s contraction at 100% MVIC (Figure 3). Each participant completed two ramp 
contractions, while verbal encouragement was provided. The trials that satisfied the 
following criteria were used for analysis: (a) torque reaching at least 85% of MVIC and 
(b) a maximum tracing error of ± 5% MVIC around the ramp template. The ramp 
template and real-time torque overlay were programmed using LabVIEW 2012 software 
(National Instruments, Austin, TX, USA). 
Electromyography 
Bipolar surface electromyography (EMG) signals were recorded from the biceps 
brachii, brachialis, brachioradialis, and triceps brachii with pre-gelled electrodes 
(Ag/AgCl, Accusensor, Lynn Medical, Wixom, MI, USA) and a center-to-center 
interelectrode distance of 30 mm. The EMG signals were amplified (gain = 1,000) using 
a differential amplifier (EMG 100, Biopac Systems, Inc., bandwidth 1-5,000 Hz) with a 
common mode rejection ratio of 110 dB min and an input impedance of 2 MΩ. The 
electrodes for the biceps brachii were placed at 66% of the distance between the 
acromion process and fossa cubit, parallel to the muscle fibers (33, 51). The electrodes 
for the brachialis were placed on the lateral side of the distal arm where the muscle 
becomes superficial, parallel to the muscle fibers (33). The electrodes for the 
brachioradialis were placed over the thickest portion of the muscle belly distal to the 
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lateral epicondyle of the elbow, parallel to the muscle fibers (33). The electrodes for the 
triceps brachii were placed at 50% of the distance between the posterior crista of the 
acromion process and the olecranon process, medial to the line, parallel to the muscle 
fibers (51). A single, pre-gelled reference electrode (Ag/AgCl, Accusensor, Lynn 
Medical, Wixom, MI, USA) was placed over the lateral epicondyle of the humerus. To 
reduce interelectrode impedance and increase the signal-to-noise ratio, the placement site 
for the EMG sensors was shaved, abraded, and cleaned with isopropyl alcohol prior to 
application. 
Mechanomyography 
Surface mechanomyography (MMG) signals were detected from the biceps 
brachii, brachialis, and brachioradialis with active miniature accelerometers (EGAS-
S704-10_Rev C, Measurement Specialties, Inc., Hampton, VA; frequency response = 0-
200 Hz, sensitivity = 501.7-655.1 mV·g-1, range = ± 10 g). Placement for the 
accelerometers were at the center of the EMG electrode arrangement for each muscle and 
were fixed with 3M double-sided foam tape. 
Signal Processing 
The force, EMG, and MMG signals were sampled simultaneously at 2 kHz with a 
Biopac data acquisition system (MP150WSW; Biopac Systems, Inc., Santa Barbara, CA, 
USA). All signals were stored on a personal computer and processed off-line with 
custom-written software (LabVIEW v. 18.0, National Instruments, Austin, TX). The 
EMG signals were passed through a hamming window and digitally filtered (zero phase 
shift 4th order Butterworth filter) with a bandpass of 10-999 Hz. The MMG signals were 
digitally-filtered (zero phase shift 4th order Butterworth filter) with a bandpass of 5-100 
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Hz. The force signal obtained from the load cell (N) was multiplied by the lever arm 
length (m) to calculate torque (Nm), but the force signal was not filtered. Voluntary peak 
torque, EMG, and MMG amplitude were calculated using the highest consecutive 500 ms 
average torque value during the torque plateau, but before the superimposed twitch. 
Superimposed and potentiated twitch torques were the highest consecutive 5 ms average 
torque values during the evoked twitches. Voluntary EMG and MMG amplitude were 
expressed as the root mean square amplitude value in μV and m·s-2, respectively. To 
examine the patterns of response for the EMG and MMG signals across intensity, ten 250 
ms epochs were taken to represent 5, 15, 25, 35, 45, 55, 65, 75, 85, and 95% of each 
participants MVIC during the ramp contraction. The amplitude for the EMG and MMG 
signals were represented as the root mean square in μV and m·s-2, respectively, for each 
250 ms epoch. Both signal amplitudes and torque values were averaged for each group to 
composite EMG and MMG amplitude versus torque relationships for the ramp 
contraction. All EMG variables for the biceps brachii, brachialis, and brachioradialis 
were expressed as normalized values relative to each participant’s EMG amplitude during 
the forearm flexion MVIC. All EMG variables for the triceps brachii were expressed as 
normalized values relative to each participant’s EMG amplitude during the forearm 
extension MVIC to represent coactivation. All MMG variables for the biceps brachii, 
brachialis, and brachioradialis were expressed as normalized values relative to each 
participant’s MMG amplitude during the forearm flexion MVIC. 
Statistical Analyses 
Means and 95% confidence intervals (CIs) for each group were calculated and 
reported for all measurements. MVIC strength was expressed in absolute terms and 
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normalized to CSA3 and MVTotal to examine the influence of muscle size on differences 
in strength between groups. Two-way factorial analyses of variance (ANOVAs) (sex 
[male vs. female] x group [pre-pubescent vs. post-pubescent]) were used to analyze age, 
maturity offset, height, body mass, BF%, FFM, subcutaneous fat thickness, absolute 
MVIC strength, MVIC strength normalized to CSA3, and MVIC strength normalized to 
MVTotal. A three-way mixed factorial ANOVA (sex [male vs. female] x group [pre-
pubescent vs. post-pubescent] x site [0% vs. 25% vs. 50% vs. 75% vs. 100% vs. Total]) 
was used to analyze CSA measurements. A three-way mixed factorial ANOVA (sex 
[male vs. female] x group [pre-pubescent vs. post-pubescent] x site [0-25% vs. 25-50% 
vs. 50-75% vs. 75-100% vs. Total]) was used to analyze MV estimates. A three-way 
mixed factorial ANOVA (sex [male vs. female] x group [pre-pubescent vs. post-
pubescent] x intensity (30% vs. 50% vs. 70% vs. MVIC vs. low-level absolute torque)] 
was used to analyze VA. A four-way mixed factorial ANOVA (sex [male vs. female] x 
group [pre-pubescent vs. post-pubescent] x muscle [biceps brachii vs. brachialis vs. 
brachioradialis] x intensity [5% vs. 15% vs. 25% vs. 35% vs. 45% vs. 55% vs. 65% vs. 
75% vs. 85% vs. 95%]) was used to analyze EMG amplitude values from the ramp 
contraction. A four-way mixed factorial ANOVA (sex [male vs. female] x group [pre-
pubescent vs. post-pubescent] x muscle [biceps brachii vs. brachialis vs. brachioradialis] 
x intensity [5% vs. 15% vs. 25% vs. 35% vs. 45% vs. 55% vs. 65% vs. 75% vs. 85% vs. 
95%]) was used to analyze MMG amplitude values from the ramp contraction. A three-
way mixed factorial ANOVA (sex [male vs. female] x group [pre-pubescent vs. post-
pubescent] x intensity [5% vs. 15% vs. 25% vs. 35% vs. 45% vs. 55% vs. 65% vs. 75% 
vs. 85% vs. 95%]) was used to analyze coactivation values from the ramp contraction. 
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Significant interactions were decomposed with follow-up lower-order ANOVAs and 
Bonferroni-corrected dependent and/or independent samples t-tests on the simple main 
effects. 
As per the procedures described by Weir (112), repeated measures ANOVAs 
were used on the raw values to determine test-retest reliability for the common measures 
between visits. The intraclass correlation coefficient (ICC) used model “3,1” (102, 112): 
ICC3,1= MSS-MSEMSS+(k-1)MSE 
Where MSS is the mean square of the dependent variable, MSE is the mean square 
error, and k is the number of trials (k = 2). Weir has suggested that the ICCs from model 
3,1 are specific to the study (112). The 95% confidence interval (95% CI) for each ICC3,1 
was calculated from previously described procedures (102) to test if each ICC3,1 was 
equal to zero (109). The standard error of measurement (SEM), coefficient of variation 
(CV), and minimum detectable change (MDC) was calculated using the following 
equations (52, 112): SEM = �MSE 
CV = � SEMgrand mean�  𝑥𝑥 100 MDC = SEM 𝑥𝑥 1.96 𝑥𝑥 √2 
Equality of variances was tested using Levene’s Test for Equality of Variances. In 
cases where the homogeneity of variances assumption was not met, the error term and 
degrees of freedom were adjusted using the Welch-Satterthwaite method. Sphericity was 
tested for each mixed factorial ANOVA using Mauchly’s Test of Sphericity. In cases 
where the assumption of sphericity was not met, Greenhouse-Geisser corrections were 
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applied (40). All statistical analyses were performed in IBM SPSS v. 26 (Chicago, IL, 
USA). An alpha level of 0.05 was considered statistically significant for all F-tests and 
was used as the basis of all Bonferroni corrections.
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CHAPTER IV: RESULTS 
Anthropometrics and Growth 
For the males, the pre-pubertal group had lower a lower testosterone 
concentration than the post-pubertal group (p < 0.001, Table 1). There was a group-
related main effect for age such that age was greater for the post-pubertal group than the 
pre-pubertal group collapsed across sex (p < 0.001, Table 1). There were group- and sex-
related main effects for maturity offset such that the females were greater than the males 
collapsed across group (p < 0.001, Table 1), and the pre-pubertal group was greater than 
the post-pubertal group collapsed across sex (p < 0.001, Table 1). There were group- and 
sex-related main effects for body mass such that the males were greater than the females 
collapsed across group (p = 0.011), and the post-pubertal group was greater than the pre-
pubertal group collapsed across sex (p < 0.001). There were significant sex x group 
interactions for height, BF%, and FFM (p ≤ 0.016). For height, the post-pubertal females 
were greater than the pre-pubertal group (p < 0.001, Table 1), while the post-pubertal 
males were greater than all other groups (p < 0.001, Table 1). For BF%, the pre-pubertal 
males were greater than the pre-pubertal females and post-pubertal males (p ≤ 0.013, 
Table 1), while the post-pubertal females were greater than all other groups (P < 0.001, 
Table 1). For FFM, the post-pubertal females were greater than the pre-pubertal group (p 
< 0.001, Table 1), while the post-pubertal males were greater than all other groups (p ≤ 
0.014, Table 1). There was a group-related main effect for subcutaneous fat thickness 
such that the pre-pubertal group was greater than the post-pubertal group collapsed across 
sex (p = 0.019, Table 1). 
Muscle Strength 
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There was a significant sex x group interaction for absolute MVIC strength (p = 
0.002). The post-pubertal females were greater than the pre-pubertal group (p < 0.001, 
Figures 4A and 5A), while the post-pubertal males were greater than all other groups (p < 
0.001, Figures 4A and 5A). When MVIC strength was normalized to CSA3, there was a 
main effect for group such that the post-pubertal group was greater than the pre-pubertal 
group collapsed across sex (p < 0.001, Figure 4B). When MVIC strength was normalized 
to MVTotal, there was a main effect for group such that the pre-pubertal group was greater 
than the post-pubertal group collapsed across sex (p < 0.001, Figure 4C). When expressed 
as a percent difference between groups, the post-pubertal males were 130% stronger than 
the pre-pubertal males, while the post-pubertal females were 72% stronger than the pre-
pubertal females (Figure 6). When normalized to CSA3, the post-pubertal males were 
20% stronger than the pre-pubertal males, and the post-pubertal females were 20% 
stronger than the pre-pubertal females (Figure 6A). When normalized to MVTotal, the pre-
pubertal males were 50% stronger than the post-pubertal males, while the PRE females 
were 57% stronger than the post-pubertal females (Figure 6B). 
Muscle Size 
Muscle Cross-sectional Area 
For the representative CSA (CSA3) , there was a significant sex x group 
interaction (p < 0.001) such that the post-pubertal females were greater than the pre-
pubertal group (p < 0.001, Figures 5B and 7A), while the post-pubertal males were 
greater than all other groups (p < 0.001, Figures 5B and 7A). For CSA at each individual 
site, there was a sex x group x site interaction (p < 0.001). At each site, the post-pubertal 
females were greater than the pre-pubertal group (p < 0.001, Table 2), while the post-
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pubertal males were greater than all other groups (p < 0.001, Table 2). For all groups, 
CSA2 and CSA4 were greater than CSA1 and CSA5 (p ≤ 0.021, Table 2), while CSA3 was 
greater than all other sites (p < 0.001, Table 2). 
Muscle Volume 
For MVTotal, there was a significant sex x group interaction (p < 0.001) such that 
the post-pubertal females were greater than the pre-pubertal group (p < 0.001, Figures 5C 
and 7B), while the post-pubertal males were greater than all other groups (p < 0.001, 
Figures 5C and 7B). For MV at each individual site, there was a sex x group x site 
interaction (p < 0.001). At each site, the post-pubertal females were greater than the pre-
pubertal group (p < 0.001, Table 2), while the post-pubertal males were greater than all 
other groups (p < 0.001, Table 2). For the pre-pubertal group, MV2 and MV3 were greater 
than MV1 and MV4 (p ≤ 0.002, Table 2). For the post-pubertal group, MV2 was greater 
than MV1 and MV4 (p ≤ 0.002, Table 2), while MV3 was greater than all other sites (p ≤ 
0.027, Table 2). 
Voluntary Activation 
There was a sex x group x intensity interaction for VA (p = 0.018). For the pre-
pubertal males, VA increased systematically from the low-level absolute torque to MVIC 
(p ≤ 0.044, Figure 8). For the pre-pubertal females, VA increased from the low-level 
absolute torque to 30% to 50% to 70% (p ≤ 0.048), and plateaued from 70% to MVIC (p 
= 0.386, Figure 8). For the post-pubertal group, VA increased systematically from the 
low-level absolute torque to MVIC collapsed across sex (p < 0.001, Figure 8). VA was 
greater in the pre-pubertal group than the post-pubertal group at the low-level absolute 
torque collapsed across sex (p < 0.001, Figure 8), and was greater in the pre-pubertal 
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males than the post-pubertal group at 30% (p ≤ 0.016, Figure 8). At 70% and MVIC, VA 
was greater in the post-pubertal group than the pre-pubertal group collapsed across sex (p 
≤ 0.018, Figures 5D and 8). At MVIC, VA was greater in the pre-pubertal males than the 
pre-pubertal females (p = 0.042, Figures 5D and 8). 
Electromyographic Amplitude 
There was a muscle x group x intensity interaction for EMG amplitude (p < 
0.001). For the pre-pubertal group, EMG amplitude for the biceps brachii increased from 
5-25% (p ≤ 0.036), plateaued from 25-55% (p ≥ 0.148), increased from 55-65% (p < 
0.001), plateaued from 65-75% (p = 0.989), increased from 75-85% (p = 0.042), and 
plateaued from 85-95% collapsed across sex (p = 0.942, Figure 9A). For the pre-pubertal 
group, EMG amplitude for the brachialis increased from 5-25% (p ≤ 0.002) and plateaued 
from 25-95% collapsed across sex (p ≥ 0.074, Figure 9B). For the pre-pubertal group, 
EMG amplitude for the brachioradialis increased from 5-25% (p < 0.001), plateaued from 
25-55% (p ≥ 0.132), increased from 55-65% (p = 0.021), plateaued from 65-75% (p = 
0.409), increased from 75-85% (p < 0.001), and plateaued from 85-95% collapsed across 
sex (p = 0.972, Figure 9C). 
For the post-pubertal group, EMG amplitude for the biceps brachii remained the 
same from 5-25% (p ≥ 0.435), then increased from 25-95% collapsed across sex (p ≤ 
0.002, Figure 9A). For the post-pubertal group, EMG amplitude for the brachialis 
remained the same from 5-15% (p = 0.983), increased from 15-35% (p ≤ 0.004), 
plateaued from 35-55% (p ≥ 0.190), increased from 55-65% (p < 0.001), plateaued from 
65-85% (p ≥ 0.210), and increased from 85-95% collapsed across sex (p = 0.040, Figure 
9B). For the post-pubertal group, EMG amplitude for the brachioradialis increased from 
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5-15% (p < 0.001), plateaued from 15-25% (p = 0.360), increased from 25-85% (p ≤ 
0.002), and plateaued from 85-95% collapsed across sex (p = 0.075, Figure 9C). 
For the biceps brachii and brachioradialis, EMG amplitude was greater in the pre-
pubertal group than the post-pubertal group collapsed across sex (p ≤ 0.017) from 5-75%, 
with no differences at 85 and 95% (p ≥ 0.057, Figure 9A and 9C). For the brachialis, 
EMG amplitude at 45% and 85% were greater in the pre-pubertal group than the post-
pubertal group collapsed across sex (p ≤ 0.050), with no other differences across intensity 
(p ≥ 0.438). Within the pre-pubertal group, EMG amplitude for the brachialis and 
brachioradialis was greater than the biceps brachii from 5-55% collapsed across sex (p ≥ 
0.071). Within the pre-pubertal group, EMG amplitude for the brachioradialis was greater 
than the biceps brachii collapsed across sex (p ≤ 0.019) from 65-95%, with no other 
differences among muscles (p ≥ 0.096). Within the post-pubertal group, EMG amplitude 
for the brachialis was greater than the biceps brachii from 5-65% collapsed across sex (p 
< 0.001), and greater than the brachioradialis at 5-25% and 45% collapsed across sex (p ≤ 
0.014). Within the post-pubertal group, EMG amplitude for the brachioradialis was 
greater than the biceps brachii from 45- 85% collapsed across sex (p ≤ 0.023), with no 
differences among muscles at 95% (p = 0.175). 
Mechanomyographic Amplitude 
There was a muscle x group x intensity interaction for MMG amplitude (p < 
0.001). For the pre-pubertal group, MMG amplitude for the biceps brachii and brachialis 
increased from 5-55% (p ≤ 0.032) and plateaued from 55-95% collapsed across sex (p ≥ 
0.072, Figure 10A and 10B). For the pre-pubertal group, MMG amplitude for the 
brachioradialis remained the same from 5-25%, increased from 25-35% (p < 0.001), 
70 
 
 
 
plateaued from 35-45% (p = 0.119), increased from 45-55% (p = 0.003), and plateaued 
from 55-95% collapsed across sex (p ≥ 0.898, Figure 10C). 
For the post-pubertal group, MMG amplitude for the biceps brachii remained the 
same from 5-15% (p = 0.942), increased from 15-65% (p < 0.001), and plateaued from 
65-95% collapsed across sex (p ≥ 0.161, Figure 10A). For the post-pubertal group, MMG 
amplitude for the brachialis increased from 5-15% (p = 0.039), plateaued from 15-25% (p 
= 0.976), increased from 25-55% (p ≤ 0.028), plateaued from 55-65% (p = 0.060), 
increased from 65-75% (p = 0.006), and plateaued from 75-95% collapsed across sex (p ≥ 
0.117, Figure 10B). For the post-pubertal group, MMG amplitude for the brachioradialis 
increased from 5-15% (p = 0.034), plateaued from 15-35% (p ≥ 0.194), increased from 
35-65% (p ≤ 0.048), and plateaued from 65-95% collapsed across sex (p ≥ 0.933, Figure 
10C). 
For the biceps brachii and brachialis, MMG amplitude was greater in the pre-
pubertal group than the post-pubertal group for all time points collapsed across sex (p ≤ 
0.004, Figure 10A and 10B). MMG amplitude for the brachioradialis was greater in the 
pre-pubertal group than the post-pubertal group from 5-65% collapsed across sex (p ≤ 
0.004) and did not differ from 75-95% (p ≥ 0.051, Figure 10C). Within the pre-pubertal 
group there were no differences among muscles for MMG amplitude across intensity 
collapsed across sex (p ≥ 0.069). Within the post-pubertal group, MMG amplitude for the 
brachialis and brachioradialis were greater than the biceps brachii at 15% collapsed 
across sex (p ≤ 0.037), while MMG amplitude for the biceps brachii and brachioradialis 
were greater than the brachialis at 45 and 65% collapsed across sex (p ≤ 0.031), with no 
other differences across intensity (p ≥ 0.227). 
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Coactivation 
There were main effects for group (p < 0.001) and intensity (p < 0.001) for 
coactivation. Across all intensities, coactivation was greater for the pre-pubertal group 
than the post-pubertal group collapsed across sex (p < 0.001, Figure 11). For all groups, 
coactivation increased from 5-15% (p < 0.001), plateaued from 15-55% (p ≥ 0.081), and 
increased from 55-95% (p < 0.001, Figure 11). 
Reliability 
Anthropometrics, Growth, Muscle Size, Muscle Strength 
Reliability metrics for anthropometrics, measurements of growth, muscle size, 
and muscle strength are presented in Table 3. Anthropometrics and measurements of 
growth (i.e., maturity offset, height, body mass, BF%, and FFM) exhibited ICCs ≥ 0.967 
and CVs ≤ 4.124% for the pre-pubertal males, ICCs ≥ 0.953 and CVs ≤ 4.948% for the 
pre-pubertal females, ICCs ≥ 0.943 and CVs ≤ 7.380% for the post-pubertal males, and 
ICCs ≥ 0.935 and CVs ≤ 3.982% for the post-pubertal females. Measurements of CSA at 
each site exhibited ICCs ≥ 0.901 and CVs ≤ 0.128 % for the pre-pubertal males, ICCs ≥ 
0.913 and CVs ≤ 4.948 for the pre-pubertal females, ICCs ≥ 0.938 and CVs ≤ 6.066% for 
the post-pubertal males, and ICCs ≥ 0.945 and CVs ≤ 4.878% for the post-pubertal 
females. Estimates of MV exhibited ICCs ≥ 0.953 and CVs ≤ 5.544% for the pre-pubertal 
males, ICCs ≥ 0.931 and CVs ≤ 6.562% for the pre-pubertal females, ICCs ≥ 0.973 and 
CVs ≤ 5.968% for the post-pubertal males, and ICCs ≥ 0.986 and CVs ≤ 4.599% for the 
post-pubertal females. Measurements of maximal and submaximal strength exhibited 
ICCs ≥ 0.921 and CVs ≤ 7.954% for the pre-pubertal males, ICCs ≥ 0.910 and CVs ≤ 
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7.275% for the pre-pubertal females, ICCs ≥ 0.936 and CVs ≤ 4.063% for the post-
pubertal males, and ICCs ≥ 0.926 and CVs ≤ 4.338% for the post-pubertal females. 
Electromyographic Amplitude 
Reliability metrics for absolute EMG amplitude during the MVIC and 
submaximal step isometric muscle actions are presented in Table 4. For the biceps 
brachii, EMG amplitude exhibited ICCs ≥ 0.648 and CVs ≤ 20.869% for the pre-pubertal 
males, ICCs ≥ 0.680 and CVs ≤ 29.172% for the pre-pubertal females, ICCs ≥ 0.769 and 
CVs ≤ 30.346% for the post-pubertal males, and ICCs ≥ 0.790 and CVs ≤ 17.396% for 
the post-pubertal females. For the brachialis, EMG amplitude exhibited ICCs ≥ 0.635 and 
CVs ≤ 21.073% for the pre-pubertal males, ICCs ≥ 0.619 and CVs ≤ 23.405% for the pre-
pubertal females, ICCs ≥ 0.630 and CVs ≤ 17.498% for the post-pubertal males, and 
ICCs ≥ 0.707 and CVs ≤ 32.570% for the post-pubertal females. For the brachioradialis, 
EMG amplitude exhibited ICCs ≥ 0.668 and CVs ≤ 23.456% for the pre-pubertal males, 
ICCs ≥ 0.690 and CVs ≤ 29.676% for the pre-pubertal females, ICCs ≥ 0.714 and CVs ≤ 
17.774% for the post-pubertal males, and ICCs ≥ 0.735 and CVs ≤ 23.637% for the post-
pubertal females. 
Mechanomyographic Amplitude 
Reliability metrics for absolute MMG amplitude during the MVIC and 
submaximal step isometric muscle actions are presented in Table 5. For the biceps 
brachii, MMG amplitude exhibited ICCs ≥ 0.634 and CVs ≤ 22.920% for the pre-pubertal 
males, ICCs ≥ 0.648 and CVs ≤ 27.392% for the pre-pubertal females, ICCs ≥ 0.744 and 
CVs ≤ 22.481% for the post-pubertal males, and ICCs ≥ 0.762 and CVs ≤ 21.639% for 
the post-pubertal females. For the brachialis, MMG amplitude exhibited ICCs ≥ 0.691 
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and CVs ≤ 29.411% for the pre-pubertal males, ICCs ≥ 0.721 and CVs ≤ 36.867% for the 
pre-pubertal females, ICCs ≥ 0.781 and CVs ≤ 23.996% for the post-pubertal males, and 
ICCs ≥ 0.689 and CVs ≤ 32.440% for the post-pubertal females. For the brachioradialis, 
MMG amplitude exhibited ICCs ≥ 0.791 and CVs ≤ 26.020% for the pre-pubertal males, 
ICCs ≥ 0.659 and CVs ≤ 30.276% for the pre-pubertal females, ICCs ≥ 0.656 and CVs ≤ 
23.440% for the post-pubertal males, and ICCs ≥ 0.685 and CVs ≤ 19.501% for the post-
pubertal females.
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CHAPTER V: DISCUSSION 
The primary results of this study demonstrated greater differences in muscle 
strength and size among the males (Figures 4-7, Table 2), and greater differences in 
maximal VA among the females (Figures 5D and 8). Specifically, the post-pubertal males 
were 130% stronger, had 78% greater CSA3, 374% greater MVTotal, and 17% greater 
maximal VA than the pre-pubertal males, while the post-pubertal females were 72% 
stronger, had 63% greater CSA3, 270% greater MVTotal, and 23% greater maximal VA 
than the pre-pubertal females. Additionally, normalizing MVIC strength to muscle size 
accounted for a greater proportion of the difference in strength among the males than 
females (Figure 6). Furthermore, the collective responses for VA, EMG amplitude, MMG 
amplitude, and coactivation across intensity may reflect changes in muscle activation and 
motor unit recruitment strategies during growth and development for both males and 
females (Figures 8-11). Thus, the results of the present study extend the hypothesis of 
O’Brien et al. (89) that muscle size may account for a greater proportion of the growth 
and development-related increases in strength among males, while females may be more 
affected by changes in muscle activation. However, regardless of sex, changes in muscle 
size and neuromuscular function both likely influence the growth and development-
related increases in muscle strength. The findings of the present study add to the 
understanding of the natural mechanisms by which muscles get stronger during growth 
and development, which may aid practitioners in designing muscle-strengthening 
programs to promote long-term health. 
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Muscle Strength, Size, and Activation 
Several previous studies have concluded that CSA may fully account for the 
growth and development-related increases in muscle strength (94, 108, 113), while other 
studies have suggested that CSA may not fully account for these increases (34, 58, 60, 
66, 85, 114). In a well-controlled study, O’Brien et al. (89) suggested that up to 75% of 
the difference in strength may be accounted for by CSA in males, while only 50% of the 
difference in strength may be accounted for by CSA in females. In the present study, 
normalizing MVIC strength to CSA3 reduced the magnitude of difference in strength 
from 130% to 20% for the males, and 72% to 20% for the females (Figures 4 and 6). 
Therefore, based on the initial magnitudes of difference for males and females (130% and 
72%, respectively), 85% of the difference in strength among males was accounted for by 
CSA3, while 72% of the difference in strength among females was accounted for by 
CSA3. Although these results suggest that a greater proportion of the difference in 
strength may be accounted for by CSA among females compared to O’Brien et al. (89), 
the present results still indicate that a greater proportion of the difference in strength may 
be accounted for by muscle size in males than females. Furthermore, although the 
magnitude of difference in strength was reduced for both males and females (Figures 4 
and 6), the present findings are in agreement with previous studies suggesting that CSA is 
unable to fully account for increases in strength during growth and development (34, 58, 
60, 66, 85, 114).  
Further understanding of the influence of muscular hypertrophy on the growth 
and development-related increases in strength may be gained from quantification of 
muscle volume (32, 94, 108). Tonson et al. (108) stated, “Muscle volume measurements 
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should be preferred to anatomic MCSA to properly investigate relationships between 
strength and muscle size during growth and maturation” (p. 922). Measurements of MV 
not only take into consideration the CSA of a muscle, but the length of a muscle, both of 
which influence force production (94). In the present study, normalizing MVIC strength 
to MVTotal reduced the magnitudes of difference for strength from 130% to 50% among 
the males, and from 72% to 57% among the females (Figures 4 and 6). Interestingly, 
although the magnitudes of difference in strength were reduced when normalized to 
MVTotal, the differences in strength were reversed, indicating that the pre-pubertal group 
was stronger than the post-pubertal group when MVIC strength was normalized to 
MVTotal. Therefore, there may be disproportionate changes between MVTotal and strength 
as children grow and develop (Figure 5A and 5C). Regardless, the present study is in 
agreement with previous studies suggesting that muscle size, whether quantified as CSA 
or MV, is unable to fully account for differences in strength between pre- and post-
pubertal children (34, 58, 60, 66, 85, 114). Therefore, based on the conclusions of 
previous studies (14, 18, 19, 34, 42, 73, 80, 91, 99, 100), other factors, such as 
neuromuscular function, likely contribute to strength increases during growth and 
development in young males and females. 
In the present study, there were unique, sex-specific differences in maximal VA 
among males and females. In the post-pubertal group, both males and females had similar 
VA during the MVIC (~ 90%), which were greater than the pre-pubertal group (67-73%, 
Figures 5D and 8). However, within the pre-pubertal group, the males had greater 
maximal VA than the females (73% versus 67%, Figures 5D and 8). To our knowledge, 
only two studies have quantified the sex-specific, growth and development-related 
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differences in VA among males and females (88, 89). Two studies by O’Brien et al. (88, 
89) reported nearly identical findings to each other, with young males achieving a 
maximal VA of 75% and young females achieving a maximal VA of 67-68%. Based on 
their findings, there was an 11% difference in VA between child and adults males, and a 
19-20% difference in VA between child and adult females (88, 89), which was 
interpreted as females having a greater aptitude for neuromuscular adaptations during 
growth and development. Similarly, in the present study there was a 23% difference in 
VA among the females versus a 17% difference in VA among the males. Thus, the lower 
maximal VA among the pre-pubertal females compared to the pre-pubertal males, in 
conjunction with the greater magnitude of difference in maximal VA among the females, 
may indeed reflect a greater aptitude for changes in muscle activation during growth and 
development for females (88, 89). However, although females had a greater difference in 
maximal VA, the 17% difference in VA among the males indicates that changes in 
muscle activation capabilities still occur as young males grow and develop. Thus, in 
conjunction with the hypothesis of O’Brien et al. (89), changes in muscle strength during 
growth and development may be more mediated by changes in neuromuscular function in 
females than males. However, regardless of sex, changes in muscle activation should be 
considered when examining the underlying mechanisms that increase strength during 
growth and development. 
Neuromuscular Responses 
In the present study, there were differences in the response of VA across intensity 
between the pre- and post-pubertal groups. During the low-level absolute torque muscle 
action, VA was 12-15% greater in the pre-pubertal group than the post-pubertal group. 
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However, at 30% the pre-pubertal males had greater VA than all other groups, while 
there were no differences at 50%, and the post-pubertal group had 5-11% greater VA 
during the 70% muscle action (Figure 8). Interestingly, VA stayed the same from 70% to 
MVIC for the pre-pubertal females, but increased for all other groups, which may provide 
further evidence that growth and development-related increases in strength for females 
may be more influenced by changes in muscle activation. Few studies have quantified 
muscle activation across intensity in children and adolescents (14, 41), and none have 
compared these responses in pre- and post-pubescent males and females. Using the 
central activation ratio, Grosset et al. (41) found that child males and females required 
greater muscle activation during submaximal muscle actions (25-75% of MVIC) than 
adult males. The authors hypothesized this may reflect less efficient muscular activation 
in children, meaning that children require a greater percentage of their muscle to be 
activated to achieve the same relative torque output. In contrast, using the interpolated 
twitch technique, Chalchat et al. (14) found nearly identical responses for VA across 
intensity (20-90% of MVIC) in child and adult males. In conjunction with the findings of 
Grosset et al. (41), the present results suggest that pre-pubertal children may have less 
efficient muscle activation capabilities during low intensity muscle actions. However, the 
lack of differences at 50% is in agreement with Chalchat et al. (14), indicating that, 
during moderate intensity muscle actions, there may be no differences in muscle 
activation capabilities between pre- and post-pubertal children. Furthermore, although it 
may be tempting to suggest that the greater VA at 70% represents less efficient muscle 
activation for the post-pubertal group, this more likely reflects an inhibition of muscle 
activation capabilities at higher intensities for pre-pubertal children (41, 70, 71, 79, 88, 
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89), which is supported by the greater strength and VA during the MVIC in the post-
pubertal group (Figures 5D and 8). Therefore, pre-pubertal children may have less 
efficient muscle activation during low intensity muscle actions, similar muscle activation 
during moderate intensity muscle actions, and inhibited muscle activation during higher 
intensity muscle actions compared to post-pubertal children. 
It has been suggested that quantifying relative EMG amplitude across intensity 
may provide another indicator of changes in neuromuscular function during growth and 
development (34, 41, 73, 81). Previous studies have reported that younger, pre-pubertal 
children required a greater relative EMG amplitude at the same relative intensity 
compared to older children and adults (41, 73, 81). In the present study, the pre-pubertal 
group generally required a greater relative EMG amplitude across intensity than the post-
pubertal group (Figure 9), which was reflected by the opposing curvilinear responses 
between groups. These different responses may be reflective of less efficient muscular 
activation for the pre-pubertal group (41), which is in agreement with the responses of 
VA during the low-level absolute torque and 30% isometric step muscle actions. 
Furthermore, based on visual inspection, from the moderate to high intensities (45-95%), 
the post-pubertal group had a more pronounced increase in EMG amplitude compared to 
the pre-pubertal group (Figure 9), which was similarly reflected in the response of VA 
across intensity (Figure 8). It is possible that the generally lower relative EMG 
amplitudes and more pronounced increase across intensity, particularly at moderate to 
higher intensities, for the post-pubertal group may reflect the growth of high-threshold 
motor units across growth and development (49, 50, 81, 95). However, Arabadzhiev et al. 
(3) suggested that the EMG amplitude signal may be influenced by peripheral adaptations 
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such as increases in intracellular action potential durations due to changes in 
afterhyperpolarization amplitude and/or duration. Thus, since EMG amplitude is 
dependent on the synaptic input received by motoneurons and the electrical properties of 
muscle fibers themselves, caution is warranted when interpreting changes in EMG 
amplitude as changes in muscle activation strategies or growth of high-threshold motor 
units. 
Among children, Gillen et al. (34) suggested that concurrent examination of EMG 
and MMG amplitude may provide greater insight regarding changes in neuromuscular 
function during growth and development than EMG amplitude alone. Although Gillen et 
al. (34) did not examine relative MMG amplitude across the intensity spectrum, the 
authors concluded that younger, pre-adolescent children had less efficient motor unit 
recruitment strategies during maximal isometric muscle actions than adolescent children. 
In the present study, the pre-pubertal group generally required a greater relative MMG 
amplitude across intensity than the post-pubertal group (Figure 10), which supports the 
findings of Gillen et al. (34). Furthermore, Gillen et al. (34) suggested that the pattern of 
response for absolute MMG amplitude across intensity for the older, adolescent children 
reflected a later shift in the torque spectrum from motor unit recruitment toward motor 
unit firing frequencies to increase torque production, which is typically associated with 
more type II (high-threshold) muscle fiber characteristics (45, 46, 48). Similarly, in the 
present study, MMG amplitude increased up to 65-75% for the post-pubertal group, but 
only up to 55% for the pre-pubertal group (Figure 10). Thus, the present findings are in 
agreement with Gillen et al. (34), demonstrating that MMG amplitude across intensity 
may reflect augmentations in motor unit recruitment strategies during growth and 
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development, and may provide an indirect indication of changes in muscle fiber 
characteristics from childhood to adolescence.  
Previous studies in adults have interpreted changes in relative MMG amplitude 
across intensity as indicators of muscular hypertrophy and/or neurally mediated changes 
in motor unit behavior (23, 63, 64). Specifically, Jenkins et al. (64) suggested that the 
response of MMG amplitude across intensity may reflect similar responses for VA across 
intensity, which may provide unique insight regarding the neurally mediated changes in 
motor unit behavior. Indeed, based on the present results, it is possible that the different 
patterns of MMG response between groups may account for the different patterns of 
response for VA, particularly from 50-100%, indicating that inhibited muscle activation 
at higher intensities for the pre-pubertal group may be reflective of differences in motor 
unit recruitment strategies. Additionally, the lack of differences in MMG amplitude 
between post-pubertal males and females, in conjunction with the sex-specific differences 
in muscle size, may indicate that neurally mediated changes in motor unit behavior occur 
at least partially independent of hypertrophy during growth and development. Therefore, 
these results add to the growing body of literature suggesting that concurrent examination 
of EMG and MMG amplitude across intensity may provide unique, complimentary 
information regarding changes in neuromuscular function during growth and 
development (34, 41, 73, 81). 
Among children and adolescents, conflicting information regarding the influence 
of antagonist coactivation on agonist muscle function has been reported (29, 34, 41, 70, 
71, 73, 88). Grosset et al. (41) and Lambertz et al. (73) found that coactivation tends to 
decrease as children grow and develop, while O’Brien et al. (88) demonstrated the exact 
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opposite, with greater coactivation among adults than children. Furthermore, several 
previous studies have shown no differences in coactivation between children, 
adolescents, and adults (29, 34, 70, 71). In the present study, the pre-pubertal group 
exhibited greater coactivation than the post-pubertal group across intensity (Figure 11). 
Furthermore, coactivation increased across intensity for all groups. To our knowledge, no 
previous studies have compared the responses for coactivation during maximal and 
submaximal muscle actions among pre- and post-pubertal males and females. However, 
the results of the present study are in agreement with the findings of Grosset et al. (41) 
and Lambertz et al. (73), that coactivation may decrease as children grow and develop. 
Due to the conflicting results of several previous studies (29, 34, 41, 70, 71, 73, 88), in 
conjunction with the findings of the present study, further research is needed to 
understand the potential influence of antagonist coactivation on agonist muscle function 
during growth and development. 
Conclusions and Implications 
Overall, the present results demonstrated sex-specific differences in muscle 
strength, size, and neuromuscular function among pre- and post-pubertal males and 
females. In agreement with O’Brien et al. (89), normalizing MVIC strength to muscle 
size accounted for a greater proportion of the difference in strength among males than 
females. However, regardless of sex, muscle size was unable to fully account for the 
differences in strength. Additionally, there were sex-specific differences in VA such that 
the pre-pubertal females had 6% lower maximal VA than the pre-pubertal males, while 
there was a 17% difference in maximal VA among the males and a 23% difference in 
maximal VA among the females. The lower maximal VA among the pre-pubertal 
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females, in conjunction with the greater discrepancy in maximal VA between pre- and 
post-pubertal females, may reflect a greater aptitude for neuromuscular adaptations 
during growth and development for females. Collectively, the responses of VA, EMG 
amplitude, MMG amplitude, and coactivation across intensity may reflect growth and 
development-related changes in the efficiency of muscle activation, changes in motor unit 
recruitment strategies, and potentially changes in muscle fiber type characteristics for 
both males and females. Based on the present results, in addition to the hypothesis of 
O’Brien et al. (89), there may be sex-specific neural and morphological changes in 
skeletal muscle that impact the growth and development-related increases in muscle 
strength. Furthermore, these results add to the growing body of literature suggesting that, 
regardless of sex, changes in muscle size and neuromuscular function both influence the 
increases in muscle strength during growth and development (34, 58, 60, 66, 85, 89, 114). 
Collectively, the results of the present study may provide a better framework by which 
coaches and practitioners can develop muscle-strengthening programs for young males 
and females. 
In the National Strength and Conditioning Association’s (NSCA) recent position 
statement on long-term athletic development (LTAD), Lloyd et al. (74) stated, “Indeed, a 
real challenge for sport and exercise scientists and practitioners working with youth is to 
determine whether changes in performance are mediated from training-induced or 
growth-related adaptations” p. 1492. In fact, the first pillar of the NSCA’s position 
statement on LTAD is, “Long-Term Athletic Development Pathways Should 
Accommodate for the Highly Individualized and Nonlinear Nature of the Growth and 
Development of Youth.” Based on the results of the present study there may be unique, 
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sex-specific differences that should be considered when designing LTAD programs. 
Although changes in neuromuscular function occur for both males and females, young 
females may have greater neuromuscular “plasticity” than young males (84), leading to 
more neurally mediated increases in strength. However, young males may not see the 
same magnitudes of change until the onset of puberty, at which point significant increases 
in muscle size occur, leading to subsequent increases in muscle strength. This may 
provide practitioners and coaches a better understanding of the unique adaptations that 
may occur in young males and females engaged in LTAD programs. 
Limitations 
 One limitation of the present study was the lack of longitudinal data. Many 
previous studies have used similar cross-sectional study designs to examine the growth 
and development-related differences in muscle form and function for males and females 
(9, 18, 19, 34, 41-43, 70, 73, 79, 88, 89). However, we are unaware of any previous 
studies to quantify and compare variables such as muscle strength, CSA, MV, VA, EMG 
amplitude, and MMG amplitude across growth and development in a repeated-measures, 
longitudinal design. An additional limitation of the present study was the estimation of 
MV using the truncated cone method. Previous studies have used the gold standard 
magnetic resonance imaging (MRI) to assess growth and development-related differences 
in MV (89, 94, 108). However, previous studies have demonstrated nearly identical 
results between ultrasound-based estimates of MV and MRI-based assessments (96, 107).  
Future Directions 
Although the present results contribute unique and clarifying information to the 
growing body of literature regarding changes in muscle form and function during growth 
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and development, further studies are required to better understand the underlying 
mechanisms leading to increases in muscle strength. Other underlying mechanisms, such 
as changes in motor unit action potential amplitudes, motor unit firing rates, and action 
potential conduction velocities should be quantified and compared to better understand 
the growth and development-related changes in neuromuscular function. Furthermore, a 
limitation among many studies of muscle form and function during growth and 
development is the lack of longitudinal information. Previous studies have compared the 
sex-specific differences in muscle form and function between children, adolescents, and 
adults (22, 34, 35, 85, 88, 89, 92, 99, 100), however, to our knowledge, no previous 
studies have examined these potential sex-specific adaptations over the course of growth 
and development in a longitudinal study design. Furthermore, numerous previous studies 
have studied the effects of resistance training on young males and females (4, 17, 25, 26, 
31, 36, 37, 76, 83, 103), however, to our knowledge no studies have examined the sex-
specific, longitudinal adaptations of skeletal muscle to resistance training over the growth 
and development years. To better understand the sex-specific changes in muscle form and 
function during growth and development, longitudinal studies measuring muscle strength, 
size, and neuromuscular function, as well as adaptations to resistance training programs, 
across growth and development are warranted. 
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Figure 1. The truncated cone method that was used to calculate muscle volume (cm3) per 
the descriptions of Tomlinson et al. (107) and Reeves et al. (96).  
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Figure 2. A torque-time tracing during a maximal isometric voluntary contraction while 
using the interpolated twitch technique to calculate voluntary activation (VA), similar to 
previous studies in children and adolescents (70, 71, 79, 88, 89).
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Figure 3. An example of the template for the constant-rate of torque increase ramp 
contraction for A) a participant with a maximum voluntary isometric contraction (MVIC) 
of 60 Nm and B) a participant with an MVIC of 30 Nm. 
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Figure 4. Means ± 95% confidence intervals for A) absolute maximal voluntary isometric 
contraction (MVIC) strength, B) MVIC strength normalized to representative muscle 
cross-sectional area, and C) MVIC strength normalized to total muscle volume for pre-
pubertal (PRE) and post-pubertal (POST) males and females. * Indicates greater than 
PRE group, † indicates greater than POST group, ‡ indicates greater than POST females.
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Figure 5. Means ± 95% confidence intervals for A) absolute maximal voluntary isometric 
contraction (MVIC) strength, B) representative muscle cross-sectional area, C) total 
muscle volume, and D) voluntary activation during the MVIC for the pre- and post-
pubertal males and females. * Indicates post-pubertal group greater than pre-pubertal 
group, † indicates post-pubertal males greater than post-pubertal females, ‡ indicates pre-
pubertal males greater than pre-pubertal females.
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Figure 6. Group mean percent differences between pre- and post-pubertal males and 
females for absolute maximal voluntary isometric contraction (MVIC) strength, we well 
as A) MVIC strength normalized to muscle cross-sectional area (CSA), and B) MVIC 
strength normalized to muscle volume (MV).
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Figure 7. Means ± 95% confidence intervals for A) representative muscle cross-sectional 
area from the 50% measurement site, and B) total muscle volume for pre-pubertal (PRE) 
and post-pubertal (POST) males and females. * Indicates greater than PRE group, † 
indicates greater than POST females.
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Figure 8. Means ± 95% confidence intervals for voluntary activation across percent 
maximum voluntary isometric contraction (% MVIC) for pre-pubertal (PRE) and post-
pubertal (POST) males and females. * Indicates PRE group greater than POST group, † 
indicates POST group greater than PRE group, ‡ indicates PRE males greater than POST 
group, ¥ PRE males greater than PRE females, § indicates greater than absolute low-
torque, $ indicates greater than 30%, ¢ indicates greater than 50%, ¤ indicates greater 
than 70% for PRE males and POST group.
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Figure 9. Means ± 95% confidence intervals for electromyographic (EMG) amplitude 
during the ramp contraction normalized to maximum voluntary isometric contraction 
(MVIC) for the biceps brachii, brachialis, and brachioradialis (A, B, and C, respectively) 
for pre-pubertal (PRE) and post-pubertal (POST) males and females. * Indicates 
increases across intensity for the PRE group, † indicates increases across intensity for the 
POST group, ‡ indicates the PRE group greater than POST group. There were also 
specific differences among muscles, which are listed in detail in the Results section on 
page 68-69.
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Figure 10. Means ± 95% confidence intervals for mechanomyographic (MMG) amplitude 
during the ramp contraction normalized to maximum voluntary isometric contraction 
(MVIC) for the biceps brachii, brachialis, and brachioradialis (A, B, and C, respectively) 
for pre-pubertal (PRE) and post-pubertal (POST) males and females. * Indicates 
increases across intensity for the PRE group, † indicates increases across intensity for the 
POST group, ‡ indicates the PRE group greater than POST group. There were also 
specific differences among muscles, which are listed in detail in the Results section on 
page 69-70.
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Figure 11. Means ± 95% confidence intervals for electromyographic (EMG) amplitude 
for the triceps brachii during the ramp contraction normalized to maximum voluntary 
isometric contraction (MVIC) to represent coactivation for pre-pubertal (PRE) and post-
pubertal (POST) males and females. * Indicates the PRE group greater than POST group, 
† increases across intensity for both groups.
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